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ABSTRACT 
 
 
Buckling Restrained Braced Frames (BRBFs) are widely used as a seismic force-resisting 
system due to their advantageous properties for ductility and energy dissipation. However, 
because of the modest overstrength and relatively low post-yielding stiffness, BRBFs subjected 
to seismic loading may be susceptible to concentrations of story drift and global instability 
triggered by P-∆ effects. Due to the use of simplistic methods that are based on elastic stability, 
current code design provisions do not address seismic stability rigorously and do not consider the 
particular inelastic response of a system. As can occur in multistory structures, even for ductile 
systems, BRBFs tend to develop drift concentration that is intensified by P-∆ effects and may 
lead to dynamic instability through the formation of story mechanisms. Furthermore, large 
residual drifts have been observed during numerical and experimental studies of BRBFs. Beyond 
code provisions, several alternatives that aid in preventing these undesirable response 
characteristics of BRBFs have been studied before.    
This study used the FEMA P-695 Methodology to evaluate the response of current U.S. 
code-based BRBF designs and to study the effect on seismic stability of additional alternatives. 
In accordance with the Methodology, the collapse performance was evaluated through nonlinear 
static and dynamic analyses that were used to investigate the inelastic behavior and determine the 
collapse fragility of each considered prototype. Several design prototypes, with different number 
of stories, were developed to study code-based stability provisions, and three alternatives of 
improvement: strong-axis orientation for BRBF columns, gravity column continuity, and BRBF-
SMRF dual systems. Furthermore, two design procedures were studied for the BRBF-SMRF 
dual systems.  
In this thesis, results from the collapse performance evaluation process are presented and 
discussed for the different alternatives to address seismic stability of BRBFs. Results from 
nonlinear static (pushover) analyses and nonlinear dynamic (response history) analyses allowed 
assessment of seismic behavior through critical response quantities, such as overstrength, 
ductility, story drift and BRB demands. Finally, results from collapse performance evaluation 
permitted quantifying the improvement that is achieved with each alternative and provided a 
means of comparison.  
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The well-established negative impact of P-∆ on the seismic stability of BRBFs was 
demonstrated and the improvement achieved by the use of current code provisions for global 
stability through the B2 multiplier was shown to be minimal. Since code provisions for global 
stability are based on elastic stability considerations, essentially the same inelastic behavior was 
observed whether or not code provisions related to stability were used. In contrast, the increased 
flexural capacity provided by the use of strong-axis orientation for BRBF columns significantly 
improved the seismic stability performance of the system. Similarly, the flexural strength 
contribution provided by continuous gravity columns resulted in considerably improved 
performance. These two alternatives helped preventing the formation of story mechanisms and 
distributing inelastic demands more evenly. Finally, BRBF-SMRF dual systems demonstrated 
superior seismic stability performance compared to all other alternatives. The improvement 
achieved by the use of these systems is related to the contribution of the SMRF that remains 
elastic after the BRBs have yielded and later provides restoring forces and additional energy 
dissipation capacity. Overall, it was observed that the most important condition for seismic 
stability is reliable positive stiffness at large inelastic drifts, and this is not addressed by current 
code provisions. The small increase in primary system strength that arises from current code 
provisions based on elastic stability considerations may in some cases provide a small benefit 
with respect to seismic stability, but these provisions do not fundamentally address inelastic 
seismic stability behavior.  
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CHAPTER 1  
INTRODUCTION 
 
1.1  BACKGROUND 
 
Buckling-restrained braced frames (BRBFs) are a type of seismic force-resisting system 
that has been extensively used in the United States since its first application in 1999 (Clark et al. 
1999). BRBFs are a particular case of concentrically braced frames in which the employed brace 
members are buckling-restrained braces (BRBs). The typical BRB is an assembly consisting of a 
steel core-plate surrounded by a steel tube casing filled with concrete, as depicted in Figure 1.1. 
The concrete encasement restrains buckling of the core when the brace is subjected to 
compression; therefore, unlike common steel braces that buckle, BRBs can achieve yielding in 
both tension and compression. This characteristic results in a stable symmetric cyclic response as 
opposed to the degrading behavior of conventional braces, and provides significant energy 
dissipation capacity and ductility. Figure 1.2 shows the contrast between the hysteretic behavior 
of buckling-restrained and typical buckling braces.   
 
Figure 1.1. Common BRB assembly (NIST 2015). 
 
2 
 
 
Figure 1.2 Buckling versus buckling-restrained brace behavior (NIST 2015). 
 
As any other lateral force-resisting system, a BRBF experiencing P-∆ effects, due to the 
action of gravity loads on the laterally deflected structure during seismic loading, must be 
capable of maintaining global stability. Seismic stability has been the subject of numerous 
research efforts, and experiments and numerical simulations have given some insight about 
typical issues regarding the response of multistory structures under P-∆ effects.  Despite these 
studies, reliably ensuring seismic stability in buildings is not straightforward, particularly within 
the context of common code-based design approaches, due to the complexity and uncertainty 
associated with earthquake characteristics and inelastic dynamic structural response.   
Multistory structures tend to present a nonuniform distribution of story drifts over the 
height and this irregularity is more pronounced when the amplitude of the ground motion is 
increased (Whittaker et al. 1987; Gupta and Krawinkler 2000a; Marino and Nakashima 2006; 
Chen et al. 2008). This phenomenon can be explained by two main reasons. First, the inelastic 
displacement in any story can increase almost independently of the displacement in adjacent 
stories due to the inelasticity occurring in its yielding elements (e.g. braces in the case of 
BRBFs). Second, the lateral load profile that the structure experiences during an actual 
earthquake is variable in time and can be considerably different than the one applied for design. 
This variability can produce large deformation demands at specific stories that will not 
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necessarily translate to the others (Ziemian 2010).  Finally, P-∆ effects increase the lateral 
deformation of stories were large drift has occurred; and therefore, intensify the difference in the 
values of story drift along the height of the building. This may cause dynamic instability due to 
the formation of single-story or concentrated multistory mechanisms that finally lead to collapse 
(Bernal 1998; Gupta and Krawinkler 2000b).  
Past investigations have demonstrated that the height of the building also has a significant 
influence on drift concentration (Gupta and Krawinkler 2000a; MacRae et al. 2004; Karavasilis 
et al. 2007; Tremblay et al. 2008).  Taller buildings have greater influence of higher vibration 
modes that produce irregular demands over the height and, therefore, accentuate the unevenness 
of story drifts discussed before. In addition, gravity loads for lower stories increase with the 
height of the building while the design seismic coefficient decreases due to the longer 
fundamental period. This results in a higher P-∆ reduction of the capacity of the story relative to 
its yielding strength. When the height of the building is increased, P-∆ effects are more critical 
and the collapse risk is higher (Krawinkler and Zareian 2007). 
More specifically, braced frames can have a higher vulnerability to dynamic instability. 
In general, these are designed to resist a specific level of seismic loading for member strength 
and often do not require increased member sizes to control drift. Therefore, braced frames 
generally have less overstrength and smaller columns compared to other systems, like moment-
resisting frames. These characteristics are even more emphasized for the case of BRBFs, where 
the designer has the option to select a specific steel core area for the BRBs that is almost 
identical to the area needed to satisfy strength requirements. This relatively fine-tuned brace size 
selection combined with the low post-yielding stiffness of BRBs can lead to a higher likelihood 
of concentrated story drifts and the formation of story mechanisms. This trend was demonstrated 
by a study that compared typical concentrically braced frames (CBFs) with BRBFs (Tremblay 
and Poncet 2004). 
In the absence of a direct approach to ensure global seismic stability of structures 
undergoing inelastic behavior, current building codes address P-∆ effects primarily from the 
perspective of elastic stability. The basic methodology requires an amplification of the member 
forces coming from seismic loading according to stability coefficients. This approach is 
generally based on static equilibrium of a simplified SDOF model that is extrapolated on a per-
story basis. Due to this simplification, the process does not directly address the complex response 
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of a building in the inelastic range under P-∆ effects. Furthermore, it does not consider particular 
characteristics of a system, like low overstrength and post-yielding stiffness in the case of 
BRBFs. Although the focus here is on BRBFs, the concerns about rigorously addressing inelastic 
seismic response and seismic stability are largely system-independent and should be broadly 
revisited in the future in ASCE 7. 
Beyond code provisions, several approaches have been demonstrated to improve the 
seismic performance of BRBFs by reducing story drift concentration and residual drifts. 
Reduction of drift concentration in one story is beneficial for global stability since, as discussed 
before, drift concentration could lead to a story mechanism and collapse. Reduction of residual 
drift is important when considering post-earthquake serviceability of buildings that have 
sustained ductile inelastic response but still possess capacity for future large earthquakes. Code 
provisions do not specify limits on residual drift; however, a value of 0.5% has been typically 
considered as a permissible threshold. Investigation about this topic has demonstrated that this 
value is adequate based on functionality, construction tolerances, and safety (McCormick 2008). 
This investigation shows that for a building with residual drift above 0.5%: the inclination is 
perceptible for occupants and can cause human discomfort; repairs after the event are no longer 
economically feasible (for steel buildings); and non-structural systems, such as doors and 
elevators, are no longer functional due to significant damage. Essentially, the building cannot go 
back to service after the earthquake unless significant, and probably financially unpractical, 
repairs are conducted. Finally, previous analytical and experimental studies (Sabelli 2001, 
Fahnestock et al. 2006) have demonstrated that residual drift in BRBFs after a DBE can exceed 
the 0.5% limit; and therefore, solutions to this problem should be examined.       
The fundamental concept behind alternatives for maintaining seismic stability, which go 
beyond current code provisions, is to provide the system with secondary stiffness so that positive 
global stiffness is maintained up to high levels of drift. One of the options studied is the use of a 
hybrid BRB with a combination of low and high strength steels in its core. Studies have shown 
that frames using this type of braces perform better than normal frames due to higher post-
yielding stiffness (Atlayan 2013, Atlayan and Charney 2014). Some other options involve the 
use of a dual system that takes advantage of the most favorable characteristics of two different 
systems by placing them together. An elastic truss spine with BRBs (Figure 1.3(b)) is a dual 
system in which the elastic truss evenly distributes demands along the height of the building. 
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This causes yielding of BRBs to occur at multiple stories and, thus, prevents single-story 
response (Tremblay 2003, Tremblay and Poncet 2004).  
A more common type of dual system, that is also included as an option in ASCE7-10, is a 
special moment-resisting frame (SMRF) in parallel with a BRBF (BRBF-SMRF DS) as shown 
schematically in Figure 1.3(a). Past studies have also shown that the use of this BRBF-SMRF DS 
scheme reduces drift concentration and, more significantly, residual drift (Kiggins and Uang 
2006, Ariyaratana and Fahnestock 2011). The relatively large residual displacements that remain 
after an earthquake for the case of BRBFs are restricted by providing a SMRF that remains 
elastic after the BRBs have yielded. The force re-distribution between the two systems improves 
the overall performance of the structure by utilizing the benefits of each. This is schematically 
shown by the force-displacement response of the system presented in Figure 1.4, where P-∆ 
effects are neglected. The interaction between the two systems for the case of drift control is 
illustrated in Figure 1.5. The typical displacement profile of each system is presented along with 
an idealized dual system (DS) profile. The drift in the lower levels is controlled by the BRBF 
while the drift in the upper levels is controlled by the SMRF (Maley et al. 2010).   
  
 
Figure 1.3. Schematic BRBF dual system configurations: (a) BRBF-SMRF; (b) BRBF with 
elastic truss (NIST 2015). 
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Figure 1.4. Force-displacement response of BRBF-SMRF Dual Systems (Maley et al. 2010). 
 
Figure 1.5. Displacement profile for BRBF-SMRF Dual Systems (Aukeman and Laursen 2011). 
 
Other alternatives to reduce story drift concentration for the more general case of 
concentrically braced frames (CBFs) have also been studied, and they should be applicable for 
BRBFs due to the similarities of these systems. The use of continuous columns along the height 
of the structure, whether they are part of the seismic or the gravity system, reduce story drift 
concentration and prevents story mechanisms due to the increased lateral stiffness and strength 
(MacRae et al. 2004, Ji et al. 2009). 
 
1.2  DESIGN PROVISIONS 
 
Design provisions for BRBFs in the United States exist since 2005 and are included in 
Minimum Design Loads for Buildings and Other Structures, ASCE7-10 (ASCE 2010) and the 
Seismic Provisions for Structural Steel Buildings, AISC341-10 (AISC 2010a). In addition, 
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ASCE7-10 includes Dual Systems, consisting of a BRBF and a SMRF, as an option for Seismic 
Force-Resisting Systems (SFRS) as discussed before.  
 
1.2.1 Design coefficients and factors  
 
The design coefficients and factors for BRBFs and BRBF-SMRF DSs, included in 
ASCE7-10 (Table 12.2-1), are shown in Table 1.1. These values have been established based on 
numerical and experimental research; however, for the case of BRBF-SMRF DSs there has been 
limited investigation and the same values for BRBFs have been adopted. 
 
Table 1.1. Design coefficients and factors  
Seismic Force-Resisting System 
Response 
Modification 
Coefficient, R 
Overstrength 
factor, Ω0 
Deflection 
Amplification 
Factor, Cd 
BUILDING FRAME SYSTEMS  
Steel buckling-restrained braced frames 8 2 ½ 5 
DUAL SYSTEMS WITH SPECIAL MOMENT FRAMES CAPABLE OF RESISTING AT 
LEAST 25% OF PRESCRIBED SEISMIC FORCES  
Steel buckling-restrained braced frames 8 2 ½ 5 
 
1.2.2 Seismic loading and analysis procedure  
 
The seismic base shear, V, according to ASCE7-10, is defined by the following equation 
 
ܸ ൌ ܥௌ	ܹ ሺ1 െ 1ሻ 
where ܥௌ is the seismic response coefficient and	ܹ is the effective seismic weight. ܥௌ is 
determined in accordance with: 
ܥݏ ൌ ܵ஽ௌ
ቀܴܫ௘ቁ
, for	ܶ ൑ ௌܶ ሺ1 െ 2ሻ 
ܥݏ ൌ ܵ஽ଵ
ܶ	 ቀܴܫ௘ቁ
, for	 ௌܶ ൏ ܶ ൑ ௅ܶ ሺ1 െ 3ሻ 
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ܥݏ ൌ ܵ஽ଵ ௅ܶ
ܶଶ 	ቀܴܫ௘ቁ
, for	 ௅ܶ ൏ ܶ ሺ1 െ 4ሻ 
   In addition, Cs shall not be less than ܥݏ ൌ 0.044ܵ஽ௌܫ௘ ൒ 0.01, and if ଵܵ ൒ 0.6 also not 
less than ܥݏ ൌ 0.5 ଵܵ ሺܴ ܫ௘⁄ ሻ⁄ . In these expressions,  ܵ஽ௌ and ܵ஽ଵ are the design spectral response 
acceleration parameters for short period and one-second period respectively; ܴ is the response 
modification coefficient; ܫ௘ is the importance factor;	ܶ is the fundamental period of the structure, 
ௌܶ ൌ 	 ܵ஽ଵ/ܵ஽ௌ; ௅ܶ is the long-period transition period; and  ଵܵ is the mapped maximum 
considered earthquake spectral response acceleration parameter. More information about these 
parameters can be found in Chapter 11 of ASCE7-10 Standard. The fundamental period of the 
structure, ܶ,	shall be established with a proper substantiated analysis, but shall not exceed ܥ௨ ௔ܶ, 
where ௔ܶ ൌ 0.03݄௡଴.଻ହ for braced frames where hn is the building height in feet, and  ܥ௨ depends 
on the seismic region and can vary from 1.4 to 1.7 according to ASCE7-10, Section 12.8. 
Depending on the seismic design category and the characteristics of the structure, 
different types of analysis procedure can be selected. The first, and simplest, option is the 
Equivalent Lateral Force Procedure (ELF). For this case, the vertical distribution of seismic 
forces shall be determined from the following equations: 
ܨ௫ ൌ 	ܥ௩௫ܸ, where	ܥ௩௫ ൌ 	 ൬ ௪ೣ௛ೣ
ೖ
∑௪೔௛೔ೖ൰ ሺ1 െ 5ሻ   
where, ݇ ൌ 1.0,  for  ܶ ൑ 0.5 
݇ ൌ 2.0,  for  ܶ ൒ 2.5 
݇ ൌ 2.0 (or interpolated between 1 and 2), for  0.5 ൑ ܶ ൑ 2.5 
In these expressions, ݓ௫ and ݓ௜ is the effective seismic weight located at level ݔ or ݅	and 
݄௫ and ݄௜ is the height of level ݔ or ݅ measured from the base. A second, and more complex, 
option is the Modal Response Spectrum Analysis (MRSA). For this case, the seismic-force 
distribution is determined according to a combination of a number of natural modes of vibration 
of the structure. The spectrum used in the analysis is given by ܵୟ ሺܴ ܫ௘⁄ ሻ⁄ , where   
ܵୟ ൌ ܵୈୗ ቀ0.4 ൅ 0.6 ்బ்ቁ ,				for	ܶ ൏ ଴ܶ ሺ1 െ 6ሻ 
ܵୟ ൌ ܵୈୗ,				for	 ଴ܶ ൑ ܶ ൑ ௌܶ ሺ1 െ 7ሻ 
ܵୟ ൌ ௌీభ் ,					for	 ௌܶ ൏ ܶ ൑ ௅ܶ ሺ1 െ 8ሻ  
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ܵୟ ൌ ܵୈଵ ௅ܶܶଶ , for	 ௅ܶ ൏ ܶ ሺ1 െ 9ሻ 
The base shear is calculated using the fundamental period of the structure, ܶ, that again shall not 
exceed ܥ௨ ௔ܶ. According to ASCE7-10, if the base shear from response spectrum analysis, ௧ܸ , is 
less than 85 percent of the calculated base shear V from equivalent lateral force procedure, then 
the forces shall be multiplied by 0.85ܸ/ ௧ܸ. Story drifts shall be amplified by the same factor 
only when ܸ is controlled by ܥݏ ൌ 0.5 ଵܵ ሺܴ ܫ௘⁄ ሻ⁄ . It is worth noting that this amplification based 
on 85% of the base shear from ELF is removed in ASCE7-16, where the base shear from MRSA 
must be scaled up to the full base shear from ELF (ASCE 2017).  
The ELF method, which is the more straightforward approach, is based on the 
assumption of a relatively uniform distribution of mass and stiffness along the height and 
negligible torsional response. Due to its simplifying nature, ELF is not allowed when a building 
presents certain type of irregularities or exceeds given limits for height or period. The basis for 
the height and period limitations is that ELF may underestimate the design base shear and may 
not correctly predict the vertical distribution of seismic forces for taller buildings due to the 
increased influence of higher modes (ASCE 2010).      
Displacements from the elastic analysis are multiplied by ܥௗ/ܫ௘ to account for inelastic 
effects and compute the design story drift, which shall not exceed the allowable limit of 0.02݄௦ 
for BRBFs. The basic seismic load combinations established in the provisions, considering dead 
and live loads, are the following: 
ሺ1.2 ൅ 0.2ܵ஽ௌሻܦ ൅ ܮ ൅ ߩܳா ሺ1 െ 10ሻ 
ሺ0.9 െ 0.2ܵ஽ௌሻܦ ൅ ߩܳா ሺ1 െ 11ሻ 
where ߩ is the redundancy factor and ܳா are the effects of horizontal seismic forces. The 
redundancy factor depends on the type of system and the seismic design category of the 
structure. Its objective is to prevent structural collapse and it can take a value of either 1.0 or 1.3. 
In addition, the load factor on L can be equal to 0.5 when the live load is less than 100psf.    
        
1.2.3 Global stability requirements 
 
As discussed before, design provisions address P-∆ effects with the use of stability 
coefficients. In ASCE7-10, the stability coefficient, ߠ, is computed at each story with the 
following equation: 
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ߠ ൌ 	 ௫ܲ∆௫ܫ௘
௫ܸ݄௦௫ܥௗ ሺ1 െ 12ሻ 
where ௫ܲ is the total vertical design load at and above level x, ∆௫ is the design story drift 
occurring simultaneously with the story shear ௫ܸ, and ݄௦௫ is the story height. For the calculation 
of ௫ܲ, no load factor needs to exceed 1.0. This stability coefficient shall not exceed ߠ௠௔௫ 
computed as follows: 
ߠ௠௔௫ ൌ 0.5ߚܥௗ 	൑ 0.25 ሺ1 െ 13ሻ 
In this equation, ߚ  is the ratio of shear demand to shear capacity for the story and it is 
permitted to be conservatively taken as 1.0. P-∆ effects can be neglected when ߠ ൑ 0.10; 
otherwise, they shall be determined by rational analysis or by multiplying displacement and 
forces by 1 ሺ1 െ ߠሻ⁄ . For BRBFs ߠ௠௔௫ ൌ 0.10, which means that P-∆ effects can always be 
neglected for this particular type of system according to ASCE7-10. The AISC 360-10 
Specification for Structural Steel Buildings (AISC 2010b) still applies, however, and it has its 
own requirements for stability. In almost all scenarios, it requires a second-order analysis that 
considers P-Δ effects to be performed. An approximate method, in which the seismic member 
forces and displacements from a first-order analysis are amplified to account for P-Δ effects, is 
permissible as an alternative to a rigorous second-order analysis. This amplification is executed 
with the use of the use of ܤଶ multiplier, which is calculated as follows:  
ܤଶ ൌ 1
1 െ ௦ܲ௧௢௥௬∆ுܴெܪܮ
൒ 1 ሺ1 െ 14ሻ 
where ௦ܲ௧௢௥௬ is the total vertical load supported by the story, ∆ு is the first-order story drift 
produced by the story shear ܪ, ܴெ ൌ 1.0 for braced frames, and ܮ is the height of story (same as 
݄௦௫).  ௦ܲ௧௢௥௬ is calculated using the load combinations and including loads in columns that are 
not part of the lateral force resisting system. ∆ு, is computed with reduced stiffness by using 
0.8ܧ in the model (for the Direct Analysis Method), where ܧ is the modulus of elasticity. It is 
worth noting that drift check is still performed with unreduced stiffness according to ASCE7-10. 
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1.2.4 BRBF design and detailing 
 
Specific design provisions for BRBFs are given in AISC 341-10, Section F4. Essentially, 
these provisions aim to result in a BRBF design that is able to present significant inelastic 
deformation capacity mainly through brace yielding in tension and compression. To achieve this, 
braces shall be designed, detailed and tested to accommodate expected deformations. Expected 
deformations correspond to the maximum between 2% story drift or two times the design story 
drift.     
The steel core is designed to resist the total axial load in the brace and its design axial 
strength P୷ୱୡ is given by:    
P୷ୱୡ ൌ ܨ௬௦௖ܣ௦௖ ሺ1 െ 15ሻ 
where  
	ൌ 0.90
ܨ௬௦௖ ൌ specified minimum yield stress of the core, or actual yield stress of the steel core 
determined from a coupon test, ksi (MPa) 
ܣ௦௖ ൌ cross-sectional area of the yielding segment of the steel core, in.2 (mm2) 
For the analysis, braces are not considered to resist gravity loading, and the required 
strength of beams, columns, and connections shall be based on the applicable load combinations 
that include the amplified seismic load coming from the adjusted brace strength in tension and 
compression, which are defined as follows:        
Adjusted brace strength in compression =  ߚܴ߱௬P୷ୱୡ 
Adjusted brace strength in tension =  ܴ߱௬P୷ୱୡ 
where 
ߚ ൌ compression strength adjustment factor 
߱ ൌ strain hardening adjustment factor 
ܴ௬ ൌ ratio of expected yield stress to the specified minimum yield stress, it does not need  to be 
applied if P୷ୱୡ is determined from a coupon test   
 These adjustment factors are determined from the qualification tests specified in Section 
K3.4c of the Seismic Provisions. ߚ is the ratio of the maximum compression force, ௠ܲ௔௫, to the 
maximum tension force, ௠ܶ௔௫; and ߱ is the ratio of the maximum tension force, ௠ܶ௔௫, to the 
measured yield force	ܴ௬P୷ୱୡ. Due to the test configuration, these maximums occur at 2.0∆௕௠, 
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where ∆௕௠ is the design story drift, as shown in Figure 1.6. Finally, beam and columns shall 
satisfy the requirements for highly ductile members. 
 
Figure 1.6. Diagram of brace force-displacement (Adapted from AISC 2010). 
 
1.2.5 BRBF-SMRF dual system design and detailing 
 
The specific requirement incorporated in ASCE 7-10 for this type of system is that the 
moment frames shall be capable of resisting at least 25 percent of the design seismic forces. The 
total seismic force resistance is to be provided by the combination of the moment frames and the 
braced frames in proportion to their rigidities (ASCE 2010). 
Beyond this basic requirement, there are no additional specific provisions for BRBF-
SMRF Dual Systems. However, provisions for the SMRF, included in AISC 341-10, Section E3, 
still apply. Essentially, these provisions aim to result in a SMRF design that is able to present 
significant inelastic deformation capacity through yielding of the beams and limited yielding of 
column panel zones. To achieve this, columns are designed to be stronger than the fully yielded 
and strain-hardened beams, but flexural yielding at its base is permitted. In addition, beam-to-
column connections, including panel zones and continuity plates, are designed based on testing 
that proves their conformance with the requirements of the provisions. Among all the details 
involved in the design of SMRFs, there are some key requirements that are summarized below.  
The column-beam moment ratio requirement aims to ensure that the strong-column 
weak-beam concept is applied in the design. The following relationship must be satisfied for all 
beam-to-column joints: 
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∑ܯ∗௣௖
∑ܯ∗௣௕ ൒ 1.0 ሺ1 െ 16ሻ 
where 
∑ܯ∗௣௖ ൌ the sum of the projections of the nominal flexural strengths of the columns above and 
below the joint to the beam centerline with a reduction for the axial force in the column.  
 ∑ܯ∗௣௕ ൌ	the sum of the projections of the expected flexural strengths of the beams at the 
plastic hinge to the column centerline  
Requirements for beam-to-column connections are satisfied if they have capacity to 
accommodate a story drift angle of 0.04 rad. and maintain a flexural resistance of at least 80% of 
Mp (nominal plastic flexural strength) of the beam at that level of drift. Conformance with these 
requirements is demonstrated by one of following three options: using of a SMF connection from 
AISC 358-10 (AISC 2010c); using a connection prequalified for SMF according to AISC 341-
10, Section K1; or, providing qualifying test results in accordance with AISC 341-10, Section 
K2. Panel zones must have adequate shear strength that can be provided by doubler plates, if 
necessary. The individual thickness, t, of column webs and doubler plates, if used, must satisfy 
the following: 
ݐ ൒ ሺ݀௭ ൅ ݓ௭ሻ 90⁄ ሺ1 െ 17ሻ 
where ݀௭ and ݓ௭ are the depth and width if the pane zone, respectively.  
 
1.3  PREVIOUS RESEARCH    
 
Numerous investigations that used experimental and numerical testing for the study of 
BRBs and BRBFs have been performed in the past. Also, a number of studies have been 
developed on the subject of BRBF-SMRF dual systems. This section presents relevant research 
for the topic of this thesis that has been selected among all this work.   
 
1.3.1 BRB ductility and low-cycle fatigue  
 
The significant ductility capacity of BRBs has been demonstrated by testing of both 
isolated BRBs and BRBF systems. For the case of isolated BRBs, a large number of tests have 
been performed as part of research or in support of specific building projects, since qualification 
testing is part of the requirements in current design provisions. For the case of BRBF systems, 
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although not as numerous as isolated BRB tests, a number of large-scale test has also been 
conducted. Maximum ductility, ߤ௠௔௫, and cumulative plastic ductility, ߤ௖, are the two main 
measures of ductility have been used before in the assessment of BRBs, and are defined as 
follows: 
ߤ௠௔௫ ൌ ∆௠௔௫∆௕௬ ሺ1 െ 18ሻ 
ߤ௖ 	ൌ
∑∆௣௟௔௦௧௜௖
∆௕௬ ሺ1 െ 19ሻ 
where ∆௠௔௫	is the maximum BRB deformation, ∆௣௟௔௦௧௜௖ is the plastic BRB deformation, and ∆௕௬ 
is the yielding BRB deformation. As observed in previous research, these two quantities have a 
close interaction. Analyzing cases of BRB failure, Fahnestock et al. (2007a) concluded that 
BRBs subjected to large maximum deformations, ߤ௠௔௫,  during its loading history, exhibit lower 
cumulative plastic ductility capacity,	ߤ௖, compared to BRBs subjected to smaller maximum 
deformations. Results from isolated BRB tests have been compiled in previous studies, and they 
show a wide range of values for the ductility capacity of BRBs. Due to the different objectives 
and loading protocols applied for each study, not all of the braces were tested until fracture. 
Although values of maximum and cumulative ductility capacity of BRBs do vary, BRBs 
generally have significant ductility capacity that is adequate to sustain multiple large 
earthquakes. 
Fahnestock et al. (2006) collected results from several isolated BRB tests (Watanabe et 
al. 1988, Black et al. 2002, Merrit et al. 2003b, Usami et al. 2003, Tsai et al. 2003a) that were 
used to quantify performance objectives for BRBs under time-history analysis. Significant 
cumulative capacity of BRBs was observed from these results, where one specimen sustained a 
cumulative demand of 1600 without fracture (Merrit et al. 2003b). Information about the 
maximum ductility capacity is more limited, since most of the test were executed with maximum 
ductility demands under 20. Based on the good performance of the braces in tests where large 
maximum ductility demands were reached, it is concluded that BRBs should be able to sustain a 
maximum ductility demand much larger than 20. These observations, along with the results for 
BRB demands from time-history analyses (Sabelli 2001), helped to determined objectives for life 
safety (LS) and near collapse (NC) performance levels as defined by NEHRP Provisions (FEMA 
2003). For NC performance level, limits of ߤ௠௔௫ ൌ 25, and ߤ௖ ൌ 400 were established. The 
15 
 
limit of 25 for maximum ductility capacity was set based on experimental verification in one of 
the tests (Usami et al. 2003) and on the fact that maximum ductility demands of this magnitude 
were observed in the time-history analyses (Sabelli 2001). The limit of 400 for cumulative 
plastic ductility is considered to be conservative compared to the values observed from the tests 
and it is also appreciably exceeded in the time-history analyses (Sabelli 2001). Experimental 
results from the same investigation (Fahnestock et al. 2006) led to the following conclusion 
about BRB ductility capacity: BRBs are can sustain maximum ductility demands of at least 26.0 
without strength or stiffness degradation, and multiple cycles at large maximum ductility 
demands reduce the cumulative ductility capacity of BRBs. 
Models that predict the cumulative plastic ductility capacity of BRBs have been 
developed in previous studies. Andrews et al. (2008) compiled data based on 16 different testing 
investigations from around the world (Black et al. 2002, Merrit et al. 2003a, Merrit et al. 2003b, 
Tsai et al 2003b, Usami et al. 2003, Iwata et al. 2006, Iwata et al. 2000, Watanabe 1992, Carden 
et al. 2006a, Carden et al. 2006b, Reaveley et al. 2004, Benzoni et al. 2007, Romero et al. 2006, 
Tremblay et al. 2006, Newell et al. 2005, Fanhestock et al. 2007a). This database includes a total 
of 76 specimens, out of which 34 failed due to fracture during testing. A summary of the 
ductility parameters from this database is presented in Table 1.2. The large ductility capacity of 
BRBs is demonstrated again, with an average maximum ductility greater than 20 and an average 
cumulative plastic ductility greater than 800.  
 
Table 1.2. Deformation history parameter summary (Andrews et al. 2008) 
Parameter  Minimum Maximum  Average 
Ductility demand, ߤ௠௔௫ 7.81 54.75 21.09 
Cumulative Plastic Ductility, ߤ௖  58.00 4079.27 841.38 
 
Takeuchi et al. (2008) prosed a method for estimating the cumulative deformation 
capacity of BRBs. This method is based on the Manson-Coffin equations, which relate the 
number of failure cycles, ௙ܰ, to the strain amplitudes, and is presented as an alternative to 
Miner’s Rule. The Manson-Coffin equations cannot be directly applied for the case where the 
response is subjected to random amplitudes; however, Miner’s Rule provides a method to apply 
them to this case. Miner’s Rule defines a damage index, ܦ, given by the following equation: 
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ܦ ൌ෍ ݊௜
௙ܰ௜
௡
௜ୀଵ
ሺ1 െ 20ሻ 
where  ݊௜ is the number of cycles for a given strain amplitude, ∆ߝ௜, and ௙ܰ௜ is the number of 
failure cycles for ∆ߝ௜. Based on BRB experiments, Takeuchi observed that the accuracy of 
Miner’s Rule decreases considerably at large plastic strains and developed an alternative method 
by decomposing the hysteretic loop into the skeleton part and the Bauschinger part and 
calculating additional variables related to this decomposition.  
 Developing models that can predict BRB fracture with accuracy and precision, and that 
at the same time can be implemented in a simple manner, continues to be challenge. This 
explains why defining failure is one of the complications in BRB modeling. As discussed before, 
ductility capacity of BRBs depends on the deformation history, which shows that BRB fracture 
is affected by low-cycle fatigue. Custom load protocols were established for the analysis of load 
history dependency and low-cycle fatigue, during the development of a new BRB numerical 
model (Zsarnóczay 2013). This model was implemented in OpenSees (McKenna et al. 2006) and 
it considers low-cycle fatigue effects by using a previously developed Fatigue material model 
that is based on Miner’s Rule. The values of this material parameters were based on calibration 
with the experimental testing results. Further details about this model can be found in Chapter 2.          
 Knowing the ductility demands on BRBs under seismic loading is as important as 
knowing its ductility capacity. Assessment of ductility capacity, which is mainly based on 
experimental testing results, has been discussed above. Evaluation of ductility demands, in 
contrast, has been based on both analytical and experimental testing. The analytical study 
(Sabelli 2001) that supported the definition of the performance limits cited above reports a 
maximum ductility demand of 25.1 and a cumulative ductility demand of 185 for a 6-story 
BRBF based on the mean plus one standard deviation of time-history analyses results from a set 
of ground motions at MCE-level (Table 1.4). Fahnestock et al. (2006) evaluated ductility 
demands for several seismic hazard levels by creating analytical models that were validated 
through large-scale experimental earthquake simulation. Time-history analyses showed that the 
mean plus one standard deviation BRB maximum ductility and cumulative ductility demands at 
DBE and MCE hazard levels (Table 1.6) were less than the performance limits. The largest 
ductility demands observed in the analytical and experimental studies are summarized in Table 
1.3.  
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Table 1.3. Largest ductility demands from BRBF studies (Fahnestock et al. 2006) 
Seismic Hazard Type of study Largest ߤ௠௔௫ Largest ߤ௖ 
DBE Time-history Analyses 16.9 104 
Experimental 15.8 76 
MCE Time-history Analyses 24.9 936 
Experimental 26.0 139 
 
1.3.2 BRBF systems 
 
Several analytical and numerical studies on BRBFs that have helped to develop design 
provisions provide relevant information about the performance of this system and its expected 
demands under seismic excitation. Sabelli (2001) performed a series of nonlinear dynamic 
analyses to investigate the behavior of BRBF buildings subjected to severe ground motions. Five 
BRBFs designs, corresponding to three-story and six-story buildings, were studied following the 
criteria developed in the SAC Steel Project. The buildings were subjected to a suite of ground 
motions that represent three seismic hazard levels: 2%, 10%, and 50% probability of exceedance 
in a fifty-year period. These levels correspond to the maximum considered earthquake (MCE), 
the design basis earthquake (DBE) and the frequently occurring earthquake (FOE), respectively. 
Table 1.4 presents results of response quantities that are relevant for this study. Under the DBE-
hazard level and for the cases that used the current R=8, the mean maximum story drift ratio was 
1.4% and 1.6% for the three-story and six-story BRBFs, respectively. The mean plus one 
standard deviation maximum story drift ratio was 2.1% and 2.2% for the three-story and six-
story BRBFs, respectively. In addition, the 0.5% limit for residual drifts was exceeded for all 
frames at MCE and DBE hazard levels. After a seismic event, residual displacements was on 
average about 40 to 60% of the maximum displacements. Part of the results of this work were 
the recommended design coefficients and factors shown in Table 1.5. These along with other 
recommendations were considered for the development of code provisions.  
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Table 1.4. BRBF nonlinear dynamic analysis response quantities (Sabelli 2001) 
BRBF 
Designation 
R Seismic Hazard 
(% in 50 years) 
Evaluation 
levela 
Max. 
Drifts (%) 
Residual 
Drift (%) 
ߤ௠௔௫ ߤ௖ 
3vb 6 10% ߤ 1.5 0.6 10.6 38 
ߤ ൅ ߪ 2.2 1.1 15.3 59 
3vb2 8 10% ߤ 1.4 0.5 9.7 39 
ߤ ൅ ߪ 2.1 1.0 13.6 63 
6vb 6 10% ߤ 1.6 0.6 10.7 88 
ߤ ൅ ߪ 1.9 1.0 12.8 132 
6vb2 8 10% ߤ 1.6 0.7 10.7 83 
ߤ ൅ ߪ 2.2 1.1 14.5 135 
6vb2 8 50% ߤ 1 0.4 6.6 45 
ߤ ൅ ߪ 1.2 0.5 8.2 71 
6vb2 8 2% ߤ 4.5 2.2 17.4 139 
ߤ ൅ ߪ 6.6 3.2 25.1 185 
6vb3 8 10% ߤ 1.5 0.6 8.9 56 
ߤ ൅ ߪ 2.1 1.0 12.9 92 
a		ߤ ൌ mean and ߪ ൌ standard deviation 
 
 
 
Table 1.5. Recommended design coefficients and factors for BRBF systems (Sabelli 2001) 
Basic Seismic Force-Resisting System 
Response 
Modification 
Coefficient, R 
Overstrength 
factor, Ω0 
Deflection 
Amplification 
Factor, Cd 
BUILDING FRAME SYSTEMS  
Buckling-restrained braced frame 8 2 5 ½ 
DUAL SYSTEMS  
Buckling-restrained braced frame 9 2 ½ 5 ½ 
 
The main purpose of a research program cited above (Fahnestock et al. 2006) was to 
expand the knowledge about behavior and performance of BRBFs during seismic events 
thorough analytical and experimental investigations (Fahnestock et al. 2007b, Fahnestock et al. 
2007a). A prototype BRBF (Figure 1.7) was used in nonlinear dynamic analyses to evaluate code 
provisions and develop recommendations for design and analysis procedures.  Although not 
consistent with code provisions at the time, a value of R = 8 was used for design, based on the 
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results of a previous study (Sabelli 2001). Furthermore, due to undesirable failure modes 
observed in prior tests (Aiken et al. 2002), a special detail was included near the beam-column-
brace connection to improve its performance. This detail consists of a double structural-tee 
bolted beam splice. Table 1.6 presents a summary of response quantities from the nonlinear 
dynamic analyses. Under the DBE-hazard level, the mean maximum story drift and the mean 
residual drift ratios were 2.0% and 0.5%, respectively. Later on, a large-scale BRBF that was 
related to the prototype frame by a scale factor of 0.6 (Figure 1.8) was experimentally evaluated 
in three phases: (1) elastic stiffness evaluation; (2) hybrid pseudodynamic earthquake 
simulations; and (3) quasi-static cyclic loading. Table 1.7 presents a summary of maximum 
response quantities from the earthquake simulations. Under the DBE-hazard level, the maximum 
story drift and the residual drift ratios were 3.0% and 1.3%, respectively. Besides the 
observations about BRB ductility discussed above, the findings from this research program led to 
some other important conclusions. Both analytical and experimental studies show that properly 
detailed BRBFs can have an excellent performance under significant seismic loading. 
Undesirable failure modes can be prevented with the use of improved connection details, and a 
value of R=8 was deemed to be adequate for the system.      
 
 
Figure 1.7. Prototype frame elevation (Fahnestock et al. 2007a). 
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Table 1.6. BRBF nonlinear dynamic analysis response quantities (Fahnestock et al. 2007b) 
Seismic 
Hazard 
Evaluation 
levela 
Roof drift (%) Story drift (%) ߤ௠௔௫ ߤ௖ 
Maximum Residual Maximum Residual 
DBE μ 1.5 0.3 2.0 0.5 11.1 70 
μ +  σ 1.9 0.7 2.5 0.9 14 90 
MCE μ 2.6 1.0 3.3 1.2 18.4 179 
μ + σ 3.3 1.7 4.1 2.0 22.7 391 
a		ߤ ൌ mean and ߪ ൌ standard deviation 
 
 
Figure 1.8. Test frame elevation (Fahnestock et al. 2007a). 
 
Table 1.7. BRBF experimental test response quantities (Fahnestock et al. 2007a) 
Seismic 
Hazard 
Roof drift (%) Story drift (%) ߤ௠௔௫ ߤ௖ 
Maximum Residual Maximum Residual 
FOE 0.4 0.1 0.6 0.2 4.7 32 
DBE 2.1 1.1 3.0 1.3 15.8 76 
MCE 3.6 2.3 4.8 2.7 26.0 132 
AE 1.5 1.5 2.1 1.8 10.1 73 
*Frame was straightened after FOE and DBE, but was not after MCE. 
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1.3.3 BRBF-SMRF dual systems 
 
Findings about BRBF residual displacements from the work of Sabelli (2001) motivated 
Kiggins and Uang (2006) to expand this knowledge and determine if the use of a backup special 
moment-resisting frame to form a dual system with the BRBF can reduce residual deformations. 
The study used the three-story and six-story BRBFs designed by Sabelli (2001) and the SMRFs 
for the dual systems were designed according to the Uniform Building Code (ICBO 1997) and 
AISC Seismic Provisions (AISC 2005). This means that the same dual system requirement from 
ASCE7-10 applies, such that SMRFs were designed to be capable of resisting at least 25% of the 
base shear. Figure 1.9 shows frame model elevations. The same suite of ground motions used by 
Sabelli (2001), with 10% probability of exceedance in a fifty-year period (DBE), were applied 
for the nonlinear dynamic analyses of BRBF and BRBF-SMRF Dual systems. Results showed 
that, when the dual system is used, ductility demand on the braces was slightly reduced, 
maximum story drift ratio was reduced by about 10% to 12%, and more importantly, residual 
story drift was reduced by about 45%. Table 1.8 provides a summary of the maximum response 
quantities from this study.  
 
 
Figure 1.9. Frame elevations for isolated BRBF and dual systems: (a) BRBF (b) SMRF for DS 
(Kiggins and Uang, 2006). 
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Table 1.8. Nonlinear dynamic analysis response quantities (Kiggins and Uang, 2006) 
Building Model Evaluation 
parametera 
Story drift (%) ߤ௠௔௫ ߤ௖ 
Maximum Residual 
3-story BRBF μ 1.03 0.39 4.9 22.4 
σ 0.51 0.33 2.7 16.0 
DS μ 0.93 0.21 4.5 24.7 
σ 0.46 0.18 2.4 18.6 
6-story BRBF μ 0.86 0.29 3.5 16.4 
σ 0.33 0.29 1.9 9.7 
DS μ 0.73 0.13 3.0 14.8 
σ 0.28 0.14 1.6 9.1 
a		ߤ ൌ mean and ߪ ൌ standard deviation 
 
Ariyaratana and Fahnestock (2011) investigated system configurations to provide reserve 
strength in BRBFs and mitigate its unfavorable characteristics regarding residual drift, soft-story 
formation, and undesirable failure modes. This study focused on two ways of providing this 
reserve strength: (1) moment-resisting connections within the BRBF and (2) a BRBF-SMRF 
Dual system configurations. A seven-story prototype BRBF was used for this study along with 
the corresponding SMRF for the dual system. These prototypes were designed in accordance 
with the Equivalent Lateral Force (ELF) procedure from ASCE 7-05 and AISC 341-05 seismic 
provisions. As such, the BRBF was designed to resist full design base shear and the SMRF was 
designed to resist 25% of the design base shear, as it was already required in ASCE 7-05. Non-
moment-resisting (MR) and moment-resisting connections (NMR) were applied for the two 
types of systems, isolated BRBF and BRBF-SMRF DS, resulting in four different study cases 
(Figure 1.10). These models were subjected to nonlinear time-history analyses for a set of ground 
motions scaled to DBE and MCE hazard levels to investigate its behavior. In addition, 
incremental dynamic analysis (IDA) was conducted to evaluate the performance of the structures 
under multiple ground motion intensities and compare to previously defined limits for two 
performance levels: immediate occupancy (IO) and collapse prevention (CP), according to 
FEMA 450 (FEMA 2003). Although the use of non-moment-resisting connections increased 
maximum story drifts and residual drifts, it was observed that it can prevent connection-related 
failure modes, as demonstrated by previous research (Fahnestock et al. 2006). Moreover, results 
confirmed that the dual system configuration reduces residual drift and probability of collapse 
significantly. Under these observations, dual systems with non-moment-resisting connections in 
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the BRBF are considered to be the most advantageous configuration.  Tables 1.9 and 1.10 show a 
summary of response quantities from this investigation.                   
 
Figure 1.10. Prototype frame elevations: (a) BRBF7-MR; (b) BRBF7-NMR; (c) DS7-MR; (d) 
DS7-NMR (Ariyaratana and Fahnestock 2011). 
 
Table 1.9. Story drift response summary (Ariyaratana and Fahnestock 2011) 
Frame Connection 
type 
Evaluation 
level 
Story drift (%) 
Maximum Residual 
DBE MCE DBE MCE 
BRBF 
MR 
Median 1.9 2.5 0.31 0.59 
84th percentile 2.4 3.4 0.54 1.30 
DS Median 1.6 2.3 0.16 0.36 
84th percentile 2.0 2.9 0.34 0.81 
BRBF 
NMR 
Median 2.2 3.0 0.66 0.99 
84th percentile 3.0 4.2 1.10 2.50 
DS Median 1.7 2.5 0.27 0.52 
84th percentile 2.2 3.4 0.49 0.96 
 
Table 1.10. BRB ductility response summary (Ariyaratana and Fahnestock 2011) 
Frame Connection 
type 
Evaluation 
level 
ߤ௠௔௫ ߤ௖ 
DBE MCE DBE MCE 
BRBF 
MR 
Median 9.4 11.8 258 336 
84th percentile 11.6 15.8 422 532 
DS Median 7.3 10.5 223 299 
84th percentile 9.7 13.9 366 489 
BRBF 
NMR 
Median 11.2 14.4 259 340 
84th percentile 14.9 20.0 419 533 
DS Median 8.1 12.0 228 308 
84th percentile 10.8 16.2 374 500 
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The design method for dual system has also been a topic of investigation before. From 
the seismic stability perspective, the main purpose of the SMRF is to provide secondary stiffness 
once the BRBF has yielded and to counteract the negative stiffness due to P-∆ effects. As a 
result, not only the strength of the SMRF is a key parameter but also its stiffness, and especially 
its post-yielding stiffness. However, determining the required stiffness is not straightforward and 
controlling the post-yielding stiffness of a SMRF during design is also a challenge. Aukeman 
and Laursen (2011) evaluated the ASCE7 Standard for this type of dual systems and showed that 
the 25% base shear rule for the SMRF design is at best arbitrary, since other combinations of 
relative base shear strength between the BRBF and SMRF could be used with similar or better 
results. Furthermore, the use of a more advanced design procedure that accounts for the 
interaction between the two systems proved to give superior results through high performance 
structures. This revealed that advanced analysis is necessary to assess the performance of the 
combined system and determine the required strength for the SRMF. This study used a three-step 
design procedure that was first described by Magnusson (1997) to develop several prototypes, 
where the SMRF was sized for different portions of base shear besides 25%.  
 
1.3.4 Effect of column continuity on drift concentration for braced frames  
 
MacRae et al. (2004) investigated the effect of column continuity and stiffness on the 
seismic performance of CBFs with the use of pushover analyses and nonlinear dynamic analyses. 
The main purpose of this study was to find relationships between drift concentration, column 
stiffness, and strength. The use of continuous columns in the seismic and gravity structural 
systems was evaluated. As expected, it was observed that higher reduction in story drift 
concentration occurs as the combined stiffness of the columns increases. In a more specific 
investigation, Ji et al. (2009) studied the effect of gravity columns on the mitigation of drift 
concentration for braced frames. The study consisted of four stages of: (1) nonlinear dynamic 
analysis without considering gravity column contribution to resist seismic loading; (2) simplified 
theoretical formulation to characterize the effect of gravity columns on the mitigation of drift 
concentration; (3) nonlinear dynamic analysis to validate the previous formulation and quantify 
demands on gravity columns; and (4) numerical simulations using different design variables to 
generalize the findings. The propensity of CBFs to develop drift concentration was confirmed. 
However, it was concluded that this drift concentration can be mitigated by the use of continuous 
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gravity columns that provide additional stiffness and strength. A typical CBF that included 
continuous columns without additional consideration for stiffness or strength showed satisfactory 
performance. Finally, the favorable influence of gravity columns was validated for different 
design parameters such as, slenderness of the braces and number of stories. Figure 1.11 shows 
maximum story drift results under two sets of ground motions: BSE-1 and BSE-2 corresponding 
to a probability of exceedance 10% and 2% in 50 years, respectively.  
      
 
Figure 1.11. Maximum story drift angle without and with gravity columns. 
 
1.4  RESEARCH OBJECTIVES    
 
Favorable seismic performance of BRBFs has been demonstrated by numerous analytical 
an experimental studies. Among other remaining issues that need to be investigated about this 
system, seismic stability is an aspect that requires further examination due to the relatively low 
post-yield stiffness of BRBFs and the tendency to focus drift in one story or a small number of 
adjacent stories. Instability under seismic events is caused by P-∆ effects, and is exacerbated by 
story drift concentration. Residual drift is another useful indicator of performance that has 
proven to be a concern for the BRBF system. Due to the complexity of these phenomena, current 
code provision address global stability by the use of simplistic methods that do not directly 
consider specific system characteristics or inelastic response. Several alternatives have been 
proposed to mitigate drift concentration and residual drift in BRBFs and to improve its stability 
under seismic loading. As discussed above, these alternatives include the use of continuous 
columns and dual systems, such as the combination of a BRBF with an SMRF. Limited research 
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has been performed to evaluate the seismic stability characteristics of these alternatives in 
comparison with isolated BRBFs.  
To make conclusions about the seismic behavior of a structure it is required to evaluate 
its inelastic response characteristics and quantify its performance. The standard performance 
objective of a structure is to provide “life safety” when subjected to earthquakes. This can be 
achieved by ensuring a low probability of collapse. Therefore, it is important to use appropriate 
methodologies to estimate the probability of collapse of a structure and then find methods to 
provide compliance with specific limits.  
This thesis investigates the impact of various aspects of current code provisions on the 
improvement of seismic stability of BRBFs. It also evaluates design alternatives, like gravity 
column continuity and BRBF-SMRF dual systems, that can improve seismic stability. Nonlinear 
static (Pushover) and nonlinear dynamic analyses are used for these evaluations. Finally, the 
performance of the multiple configurations studied is quantified in accordance with the FEMA 
P-695 Methodology (FEMA 2009), which includes the development of incremental dynamic 
analyses (IDA) and collapse probability assessment.   
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CHAPTER 2  
NUMERICAL BUILDING MODEL 
 
2.1  PROTOTYPE BUILDINGS 
 
2.1.1 Geometry and gravity loading 
 
The prototype buildings used for this investigation were based on a model building 
developed for a study that compared design provisions for BRBFs in Canada, United States, 
Chile, and New Zealand (Tremblay et al. 2016). As described in this study, the prototype was 
adapted from the 9-story model building designed as part of the SAC steel project (Gupta and 
Krawinkler 1999). This adaptation involved omitting the penthouse, replacing the perimeter 
moment frames acting in the E-W direction with a one-bay BRBF having chevron configuration, 
and rotating the columns on the E-W perimeter by 90 degrees. The resulting plan view and 
BRBF elevation are shown in Figure 2.1. The building was designed as a standard office 
building; it has a single-level basement and a first story with larger height, which is a common 
feature in this type of buildings. The gravity loading used in design is shown in Table 2.1.   
 
Figure 2.1 Base Prototype structure (Tremblay et al. 2016). 
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Table 2.1. Gravity loading 
Location Load type Load (psf) 
Roof Dead (Dr) 85 
Live (Lr) 20 
Floor 
Dead (D) 75 
Live (L) 50 
Partitions (D) 20 
Exterior walls Dead (D) 25 
 
Using this base building, all prototypes were defined based on two parameters: system 
configuration and number of stories. The system configuration varies according to the 
evaluations described in the objective of this research. To evaluate the impact of using current 
code provisions for seismic stability two BRBF designs were examined: one where the stability 
requirements of AISC 360-10 were not considered (ܤଶ ൌ 1) and one where these requirements 
were included. In addition, to evaluate alternatives to current code provisions that improve the 
seismic stability of BRBFs, three approaches were considered: (1) strong-axis orientation for 
BRBF columns, (2) continuous gravity columns, and (3) BRBF-SMRF dual systems. For the 
case of BRBF-SMRF dual systems, two design alternatives where studied: a design in 
accordance with the minimum base shear requirement in ASCE 7-10 and a proposed design 
based on the procedure described by Magnusson (1997). For the number of stories parameter, 
three cases were considered: 4, 9 and 15-story buildings. Finally, as described in the next 
sections, all these prototypes were designed using Modal Response Spectrum Analysis (MRSA). 
Nevertheless, for the 9-story building a separate analysis was conducted to compare the 
performance of a BRBF designed using MRSA against a BRBF designed using Equivalent 
Lateral Force Procedure (ELF). These variations of the base building along with different 
modeling assumptions helped to study the impact of the parameters described above on seismic 
stability. A summary of the variations with its corresponding designation is presented in Table 
2.2 and more details about each design are presented in the following sections.   
All prototypes have the same plan geometry, gravity loading, and basic configuration in 
height, with a single-level basement and first-story with larger height. The plan layout varies in 
accordance with the system configuration. The typical plan view for the BRBF-SMRF dual 
systems is shown on Figure 2.2. For this system configuration, the columns for the SMRF where 
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rotated 90 degrees so that they are oriented in their strong axis in the direction of loading. Frame 
elevations for the three heights of buildings are shown in Figures 2.3 and 2.4.    
               
Table 2.2. Prototype designation and description 
Prototype 
Designation 
Number of 
Stories 
Description 
BRBF9-ELF 9 - Designed with equivalent lateral force (ELF) procedure 
BRBF4-A 4 - Stability requirements are not considered in the design  (B2=1.0)      
- Gravity column contribution is not considered in analysis 
- P-∆ effects are not considered in the analysis (Fictitious, 
useful baseline for comparison) 
BRBF9-A 9 
BRBF15-A 15 
BRBF4-B 4 - Stability requirements are not considered in the design  
(B2=1.0) 
- Gravity column contribution is not considered in analysis 
BRBF9-B 9 
BRBF15-B 15 
BRBF4-1 4 - Stability requirements are included in the design (B2)  
- Gravity column contribution is not considered in analysis 
- Weak-axis orientation in the direction of loading for BRBF 
columns (as in Figure 2.1)                                                               
BRBF9-1 9 
BRBF15-1 15 
BRBF4-2 4 - Stability requirements are included in the design (B2)    
- Gravity column contribution is not considered in analysis 
- Strong-axis orientation in the direction of loading for BRBF 
columns  
BRBF9-2 9 
BRBF15-2 15 
BRBF4-3 4 
- Stability requirements are included in the design (B2)               
- Weak-axis orientation in the direction of loading for BRBF 
columns (as in Figure 2.1)                                                               
- Gravity column contribution is considered in analysis by 
providing column continuity along the height of the building 
BRBF9-3 9 
BRBF15-3 15 
DS4 4 
- BRBF-SMRF Dual System following ASCE7-10 requirement  
- BRBF design corresponds to prototype 1 for each height  
- SMRF is designed to resist 25% of the prescribed seismic 
forces 
- Gravity column contribution is not considered in analysis           
DS9 9 
DS15 15 
DS4-P 4 
- Proposed BRBF-SMRF Dual System (explained below)             
- SMRF is designed to resist 50% of the prescribed seismic 
forces                                                                                            
- Initial BRBF design, corresponding to prototype B for each 
height, is reduced according to the relative rigidity of BRBF to 
SMRF using MRSA 
- Gravity column contribution is not considered in analysis           
DS9-P 9 
DS15-P 15 
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Figure 2.2. Typical Plan View of Dual Systems (Adapted from Tremblay et al. 2016). 
  
Figure 2.3. BRBFs elevations (4, 9 and 15-story). 
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Figure 2.4. BRBF-SMRF Dual System elevations (4, 9 and 15-story). 
 
2.1.2 Building location and seismic data 
 
The building is located in Seattle, WA, United States, a zone that is exposed to crustal 
and sub-crustal earthquakes and seismic ground motions originating from the Cascadia 
subduction zone. It is assumed that the structure is constructed in firm soil conditions 
corresponding to site class C, with mean shear wave velocity between 360 and 760m/s. The 
spectral accelerations at short period (0.2s) and one-second period specified for this site are ௌܵ ൌ
1.365	݃	 and ଵܵ ൌ 0.528	݃, respectively. Adjusting these values with the site class C coefficients 
ܨ௔ ൌ 1.0 and ܨ௩ ൌ 1.30, the risk-targeted maximum considered earthquake (MCER) spectral 
response acceleration parameters are obtained as: ܵெௌ ൌ ܨ௔ ௌܵ ൌ 1.365	݃ and ܵெଵ ൌ ܨ௩ ଵܵ ൌ
0.686	݃. Finally, the design spectral response acceleration parameters, ܵ஽ௌ ൌ 0.91	݃ and ܵ஽ଵ ൌ
0.458	݃, are calculated as 2/3 times ܵெௌ and ܵெଵ, respectively. As described in section 1.2.1, the 
response modification factor corresponding to BRBFs and BRBF-SMRF DSs is ܴ ൌ 8. In 
addition, the importance factor is considered as ܫ௘ ൌ 1.0 for this study, which corresponds to a 
Risk Category I or II. Based on this category and the values of ܵ஽ௌ and ܵ஽ଵ, a Seismic Design 
Category D applies. To finish estimating the seismic input for each design, the fundamental 
period limit, ܶ ൌ ܥ௨ ௔ܶ, of the structure is calculated; the period ௦ܶ is equal to 0.5s; and the long-
period transition period, ௅ܶ, is 6s for Seattle.  
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2.2  SEISMIC DESIGN OF PROTOTYPE BUILDINGS 
 
2.2.1 Design data  
 
Seismic design provisions described in Chapter 1 were applied for the design of the 
lateral force resisting system in the E-W direction for all prototypes. The plan view in Figures 
2.1 and 2.2 shows that the lateral resistance along the E-W direction is provided by two identical 
perimeter frame systems: either a chevron BRBF or a BRBF-SMRF dual system (DS), 
respectively. As such, each perimeter frame system is assumed to resist 50% of the applied 
seismic loading, including stability effects. The heights of the frames are 57, 122, and 200 ft. for 
the 4, 9 and 15-story buildings, respectively. Loads such as wind and snow were ignored in the 
calculations to focus on combined seismic and gravity effects. The redundancy factor 
corresponding to braced frames of Seismic Design Category D is ߩ ൌ 1.3, unless: (a) the 
removal of an individual brace, or connection thereto, would not result in more than a 33% 
reduction in story strength or an extreme torsional irregularity; or (b) the seismic force-resisting 
systems consist of at least two braced bays on each side of the structure. Since these conditions 
are not met, ߩ ൌ 1.3 is used for design.    
  For the design of the buckling-restrained braces it is assumed that the actual yield stress 
of the steel core was determined from a coupon test as ܨ௬௦௖ ൌ 42	݇ݏ݅; as such, for the adjusted 
brace strength ܴ௬ ൌ 1.0. In addition, the tension and compression strength adjustment factors are 
assumed to be ߚ ൌ 1.4	and ߱ ൌ 1.1, respectively. For the analysis, the braces are assumed to 
have an equivalent cross-sectional area over its work-point length equal to 1.5 times the core 
cross-section area ܣ௦௖. All these assumed parameters are within the range of values for a typical 
BRB. Beam and columns are assumed to be fabricated from ASTM A-992 I-shape members, 
which have a yield strength of 50 ksi. The considered column splices are shown in the elevation 
of Figures 2.3 and 2.4. Beams are non-composite and the frames are analyzed and designed 
assuming that the beam-to-column connections are pinned. The BRBF beams are assumed to be 
vertically braced by the BRB members at mid-length and laterally braced at the quarter points 
and mid-length. Only the lateral bracing assumption applies for SMRF beams. 
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2.2.2 BRBF design using Equivalent Lateral Force Procedure (ELF)            
       
For the three different building heights considered in this study, a design using ELF 
procedure was developed as an initial pre-design. Only results for the 9-story building prototype 
(BRBF9-ELF) are discussed in this section, since only this case was used to evaluate the impact 
of the analysis procedure selection on the seismic performance of BRBFs. The period of the 
structure was initially set equal to the limit ܶ ൌ ܥ௨ ௔ܶ ൌ 1.54ݏ, where ௔ܶ ൌ 0.03݄௡଴.଻ହ ൌ 1.101ݏ 
and  ܥ௨ ൌ 1.4 from ASCE7-10, Section 12.8. This resulted in value of ܥ௦ ൌ 0.040, which is the 
minimum for periods longer than 1.43s, and a seismic base shear ܸ ൌ 872.08	kips. P-∆ effects 
were considered using ܤଶ multiplier from AISC360-10. Preliminary values of ܤଶ	were calculated 
for the first trial by assuming an initial value of 0.01݄௦ story drift at every level. With these 
assumptions, the frame members were selected based on the strength requirements and the 
structure was re-analyzed to obtain its fundamental period and story drifts. As expected, this 
required an iterative process since story drifts, and therefore ܤଶ, vary with the selection of 
member sizes. The seismic base shear ܸ did not change during this process, since the calculated 
period was higher than ܥ௨ ௔ܶ. Member sizes for the converged design are presented in Table 2.3 
and other key design parameters, compared to the other 9-story design prototypes, are shown 
Table 2.7. Because the stability coefficient is less than 0.1 at all levels, drifts are not amplified 
for P-∆ effects. The maximum stability coefficient and story drift values over the height of the 
frame, 0.059 and 0.02݄௦, are within the limits of ߠ௠௔௫ ൌ 0.1	and 0.02݄௦, respectively.   
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Table 2.3. Member sizes for BRBF9-ELF prototype  
Level/ 
Story 
BRBF9-ELF 
Column Beam BRB (in2) 
Roof - W10X19 - 
9 W8X40 W14X38 2.26 
8 W8X40 W16X45 4.51 
7 W12X120 W18X55 6.40 
6 W12X120 W18X60 7.92 
5 W12X120 W21X68 9.10 
4 W14X233 W21X68 9.96 
3 W14X233 W21X68 10.54 
2 W14X233 W21X83 10.85 
Ground W14X342 W12X45 12.78 
-1 W14X342 - - 
 
2.2.3 BRBF design using Modal Response Spectrum Analysis (MRSA)            
  
Modal response spectrum analysis (MRSA) was performed in SAP2000 with structural 
models of the designs resulting from ELF procedure to get final designs for all three building 
heights. The same iterative process used for ELF designs was applied for these cases. As 
explained above, two BRBF designs were developed: one where the stability requirements of 
AISC 360-10 were not considered (ܤଶ ൌ 1) and one where these requirements were included. 
The main difference was that for the first design less iterations were required, since the value 
ܤଶ ൌ 1	was constant along the process. For all cases, the base shear from response spectrum 
analysis, ௧ܸ , was less than 85 percent of the calculated base shear V from equivalent lateral force 
procedure; consequently, forces had to be multiplied by 0.85ܸ/ ௧ܸ. Story drifts did not need any 
adjustment since ଵܵ ൌ 0.528 ൏ 0.6.  Member sizes for the converged design are presented in 
Tables 2.4, 2.6 and 2.8.  Key design parameters for buildings of the same height are compared in 
Tables 2.5, 2.7 and 2.9. For calculation of steel tonnage, the weight of the BRBs was assumed to 
be 4 times that of the equivalent cross-sectional area (i.e., 4 times the area used for calculation of 
BRBF stiffness).  
As show in the tables, the same BRBF design (with B2 = 1) is used for prototypes A and 
B for each building height. The difference between these two prototypes correspond to the 
analysis assumption regarding the P-∆ effects. P-∆ effects were not considered in the analysis for 
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prototype A, whereas P-∆ effects were included in the analysis for prototype B. Similarly, the 
same BRBF design (with B2) is used for prototypes 1, 2 and 3 for each building height. The 
differences between these three prototypes are in some of the modeling assumptions. BRBF 
columns for prototype 1 are oriented along its weak axis in the direction of loading, as illustrated 
in Figure 2.1, whereas BRBF columns for prototype 2 are oriented along its strong axis. Finally, 
for prototype 3, BRBF columns are oriented along its weak axis, as in prototype 1, but the 
gravity columns are modeled as continuous members along the height of the building. In all 
prototypes discussed thus far, gravity columns are modeled as pinned at every floor level so that 
they provide no contribution to lateral resistance. This is a conservative idealization, but it is an 
important benchmark since gravity columns are not considered as part of the lateral system in 
design. Modeling continuous gravity columns provides insight into their realistic contribution, 
but is also considered an enhancement since it is based on the assumption that gravity column 
splices are adequately detailed to satisfy the requirements for BRBF column splices from the 
AISC Seismic Provisions (AISC 2010a). It is also worth noting that there is a mixture of gravity 
columns with weak-axis and strong-axis orientation, such that the contribution of gravity 
columns to lateral resistance is reasonably balanced between the two orthogonal directions. 
There are small changes in the computed period (T1) among these three prototypes; however, 
only the computed period for the isolated BRBF is presented in the tables.          
 Modal response spectrum analysis resulted in lighter and more flexible designs 
compared to the initial pre-designs that used ELF procedure. This can be demonstrated by the 9-
story design prototypes (Table 2.7), where the MRSA design was 82% lighter (213 vs 260 kips) 
and had a longer period (2.64 vs 2.37s). This was expected since the base shear for ELF and 
MRSA designs are V and 0.85 V, respectively. As explained above, story drifts from MRSA 
were not adjusted as required for the base shear, which explains the much smaller maximum drift 
compared to the one from ELF (0.009 vs 0.019 hs).     
As expected, P-∆ effects consideration in design (B2) resulted in heavier and stiffer 
frames for all building heights. For this study, this difference increased with the building height. 
For the 4-story building, the difference was not very significant because only the BRB sizes are 
different between the two designs. The high ductility requirement for beams and columns did not 
allow the use of smaller member sizes for the design where P-∆ effects are not considered. The 
prototype where B2 multiplier is included was only 3% heavier (72 vs 70 kips) and slightly stiffer 
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(1.28 vs 1.30s). For the 9-story building, the use of B2 resulted in a 8% heavier (213 vs 198 kips) 
and relatively stiffer (2.64 vs 2.75s) frame. In a similar manner, for the 15-story building, the use 
of B2 resulted in a 11% heavier (492 vs 444 kips) and relatively stiffer (3.91 vs 4.12s) frame. The 
increased stiffness also resulted in smaller values for story drift and stability coefficient. All 
prototypes satisfied the limits of ߠ௠௔௫ ൌ 0.1	and 0.02݄௦, for the stability coefficient and story 
drift, respectively. 
 
Table 2.4. Member sizes for 4-story BRBF prototypes  
Level/ 
Story 
BRBF4-A & BRBF4-B  
(B2 = 1) 
BRBF4-1, BRBF4-2 & BRBF4-3 
(with B2) 
Column Beam BRB (in2) Column Beam BRB (in2) 
Roof - W10X26 - - W10X26 - 
4 W14X68 W14X38 2.67 W14X68 W14X38 2.76 
3 W14X68 W14X38 4.03 W14X68 W14X38 4.25 
2 W14X68 W16X50 5.08 W14X68 W16X50 5.39 
Ground W14X132 W12X45 7.13 W14X132 W12X45 7.49 
-1 W14X132 - - W14X132 - - 
 
 
Table 2.5. Seismic design parameters and results for 4-story BRBF prototypes (/building) 
Parameter BRBF4-A & BRBF4-B (B2 = 1) 
BRBF4-1, BRBF4-2 
& BRBF4-3 (with B2) 
T=CuTa (s) 0.87 0.87 
Computed T1 (s) 1.30 1.28 
Seismic Weight, W (kips) 9514 9514 
Cs 0.0657 0.0657 
Base Shear for ELF, V = CsW 
(kips) 625 625 
Base Shear for MRSA, 0.85 V 
(kips) 531 531 
Base Shear used in design (kips) ρ × 0.85V ρ × B2 × 0.85V 
  690 726 
Maximum Drift (hs) 0.007 0.007 
Maximum P-∆ effects (B2) 1.00 1.06 
Maximum ASCE 7 θ 0.035 0.034 
Steel tonnage (kips) 70 72 
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Table 2.6. Member sizes for 9-story BRBF prototypes  
Level/ 
Story 
BRBF9-A & BRBF9-B 
(B2 = 1) 
BRBF9-1, BRBF9-2 & BRBF9-3  
(with B2) 
Column Beam BRB (in2) Column Beam BRB (in2) 
Roof - W10X26 - - W10X26 - 
9 W8X40 W14X38 2.74 W8X40 W14X38 2.86 
8 W8X40 W14X38 4.01 W8X40 W14X38 4.32 
7 W12X106 W14X38 4.69 W12X106 W16X45 5.17 
6 W12X106 W14X38 5.22 W12X106 W16X45 5.86 
5 W12X106 W16X45 5.74 W12X106 W16X50 6.49 
4 W14X193 W16X50 6.28 W14X193 W18X55 7.14 
3 W14X193 W18X55 6.93 W14X193 W18X60 7.86 
2 W14X193 W21X68 7.72 W14X193 W21X68 8.66 
Ground W14X257 W12X45 9.96 W14X283 W12X45 10.8 
-1 W14X257 - - W14X283 - - 
 
 
Table 2.7. Seismic design parameters and results for 9-story BRBF prototypes (/building) 
Parameter BRBF9-ELF 
BRBF9-A 
& BRBF9-B  
(B2 = 1) 
BRBF9-1, BRBF9-2 
& BRBF9-3  
(with B2) 
T=CuTa (s) 1.54 1.54 1.54 
Computed T1 (s) 2.37 2.75 2.64 
Seismic Weight, W (kips) 21780 21780 21780 
Cs 0.0400 0.0400 0.0400 
Base Shear for ELF, V = CsW (kips) 872 872 872 
Base Shear for MRSA, 0.85 V (kips) - 741 741 
Base Shear used in design (kips) ρ × B2 × V ρ × 0.85V ρ × B2 × 0.85V 
  1237 964 1045 
Maximum Drift (hs) 0.019 0.009 0.008 
Maximum P-∆ effects (B2) 1.11 1.00 1.14 
Maximum ASCE 7 θ 0.059 0.080 0.072 
Steel tonnage (kips) 260 198 213 
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Table 2.8. Member sizes for 15-story BRBF prototypes 
Level/ 
Story 
BRBF15-A & BRBF15-B  
(B2 = 1) 
BRBF15-1, BRBF15-2 & BRBF15-3  
(with B2) 
Column Beam BRB (in2) Column Beam BRB (in2) 
Roof - W10X30 - - W12X35 - 
15 W8X40 W14X38 3.75 W8X40 W16X45 3.88 
14 W8X40 W16X45 5.60 W8X40 W16X50 5.96 
13 W12X120 W16X50 6.50 W12X136 W18X55 7.10 
12 W12X120 W16X50 7.06 W12X136 W18X55 7.87 
11 W12X120 W18X55 7.54 W12X136 W18X60 8.52 
10 W14X233 W18X55 7.99 W14X233 W18X65 9.15 
9 W14X233 W18X60 8.42 W14X233 W21X68 9.76 
8 W14X233 W18X65 8.90 W14X233 W21X73 10.40 
7 W14X342 W21X68 9.45 W14X370 W21X83 11.01 
6 W14X342 W21X68 10.05 W14X370 W21X83 11.65 
5 W14X342 W21X73 10.71 W14X370 W21X83 12.33 
4 W14X500 W21X83 11.48 W14X550 W21X93 13.11 
3 W14X500 W21X93 12.39 W14X550 W24X94 14.02 
2 W14X500 W24X103 13.36 W14X550 W27X114 14.87 
Ground W14X605 W12X45 16.68 W14X665 W12X45 17.94 
-1 W14X605 - - W14X665 - - 
 
Table 2.9. Seismic design parameters and results for 15-story BRBF prototypes (/building) 
Parameter 
BRBF15-A 
& BRBF15-B 
(B2 = 1) 
BRBF15-1, BRBF15-2 
& BRBF15-3  
(with B2) 
T=CuTa (s) 2.23 2.23 
Computed T1 (s) 4.12 3.91 
Seismic Weight, W (kips) 36500 36500 
Cs 0.0400 0.0400 
Base Shear for ELF, V = CsW (kips) 1461 1461 
Base Shear for MRSA, 0.85 V (kips) 1242 1242 
Base Shear used in design (kips) ρ × 0.85V ρ × B2 × 0.85V 
  1615 1736 
Maximum Drift (hs) 0.009 0.009 
Maximum P-∆ effects (B2) 1.00 1.17 
Maximum ASCE 7 θ 0.094 0.085 
Steel tonnage (kips) 444 492 
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2.2.4 BRBF-SMRF dual system design using ASCE7-10 base shear requirement 
 
The first prototype design for dual systems was based on the ASCE7-10 requirement, 
explained above in Section 1.2.5. As such, the BRBF was proportioned to resist the full design 
base shear and the SMRF was sized for 25 percent of the design seismic forces applied to the 
BRBF. The full design base shear was used for the BRBF considering that it is much stiffer than 
the SMRF and, therefore, the SMRF carries almost no base shear. Modal response spectrum 
analysis was also used for the design of dual systems and the BRBF designs still included P-∆ 
effects by the use of B2 multiplier. Consequently, the BRBFs for these dual systems are identical 
to the isolated BRBFs with B2 from the previous section. The SMRF design was performed in 
accordance with AISC Seismic Provisions (AISC 2010a). As a result, the column-beam moment 
ratio requirement was considered; the prequalified moment connection WUF-W (Welded 
unreinforced flange-welded web) from AISC 358-10 was used; and, panel zone shear strength 
was checked so that doubler plates were provided when necessary. Member sizes for these 
prototype designs are show in Tables 2.10, 2.12 and 2.14 with corresponding key design 
parameters Tables 2.11, 2.13 and 2.15.  
Table 2.10. Member sizes for DS4 prototype 
Level/ 
Story 
BRBF SMRF 
Column Beam BRB (in2) Column Beam 
Roof - W10X26 - - W8X40 
4 W14X68 W14X38 2.76 W21X83 W21X73 
3 W14X68 W14X38 4.25 W21X83 W21X73 
2 W14X68 W16X50 5.39 W21X83 W24X84 
Ground W14X132 W12X45 7.49 W21X122 W12X45 
-1 W14X132 - - W21X122 - 
 
Table 2.11. Seismic design parameters and results for DS4 prototype (/building) 
Parameter DS4 BRBF SMRF 
Base Shear for MRSA (kips) 0.85V = 531 0.25 × 0.85V = 133 
Base Shear used in design (kips) ρ × B2 × 0.85V ρ × 0.25 ×  0.85V 
  726 173 
Steel tonnage, /component (kips) 72 46 
Steel tonnage, total (kips) 118 
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Table 2.12. Member sizes for DS9 prototype 
Level/ 
Story 
BRBF SMRF 
Column Beam BRB (in2) Column Beam 
Roof - W10X26 - - W8X40 
9 W8X40 W14X38 2.86 W18X71 W21X73 
8 W8X40 W14X38 4.32 W18X71 W21X73 
7 W12X106 W16X45 5.17 W21X111 W24X84 
6 W12X106 W16X45 5.86 W21X111 W24X84 
5 W12X106 W16X50 6.49 W21X111 W24X94 
4 W14X193 W18X55 7.14 W27X161 W24X103 
3 W14X193 W18X60 7.86 W27X161 W24X94 
2 W14X193 W21X68 8.66 W27X161 W24X76 
Ground W14X283 W12X45 10.80 W30X211 W12X45 
-1 W14X283 - - W30X211 - 
 
 
Table 2.13. Seismic design parameters and results for DS9 prototype (/building) 
Parameter 
DS9 
BRBF SMRF 
Base Shear for MRSA (kips) 0.85V = 741 0.25 × 0.85V = 185 
Base Shear used in design (kips) ρ × B2 × 0.85V ρ × 0.25 ×  0.85V 
  1045 241 
Steel tonnage, /component (kips) 213 121 
Steel tonnage, total (kips) 334 
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Table 2.14. Member sizes for DS15 prototype 
Level/ 
Story 
BRBF SMRF 
Column Beam BRB (in2) Column Beam 
Roof - W12X35 - - W14X53 
15 W8X40 W16X45 3.88 W27X102 W21X83 
14 W8X40 W16X50 5.96 W27X102 W21X93 
13 W12X136 W18X55 7.10 W27X129 W27X94 
12 W12X136 W18X55 7.87 W27X129 W27X94 
11 W12X136 W18X60 8.52 W27X129 W27X94 
10 W14X233 W18X65 9.15 W30X191 W27X102 
9 W14X233 W21X68 9.76 W30X191 W27X114 
8 W14X233 W21X73 10.40 W30X191 W27X114 
7 W14X370 W21X83 11.01 W30X261 W27X114 
6 W14X370 W21X83 11.65 W30X261 W27X129 
5 W14X370 W21X83 12.33 W30X261 W27X129 
4 W14X550 W21X93 13.11 W33X318 W27X146 
3 W14X550 W24X94 14.02 W33X318 W27X129 
2 W14X550 W27X114 14.87 W33X318 W24X76 
Ground W14X665 W12X45 17.94 W36X395 W12X45 
-1 W14X665 - - W36X395 - 
 
Table 2.15. Seismic design parameters and results for DS15 prototype (/building) 
Parameter 
DS15 
BRBF SMRF 
Base Shear for MRSA (kips) 0.85V = 1242 
0.25 × 0.85V = 
310.5 
Base Shear used in design (kips) ρ × B2 × 0.85V ρ × 0.25 ×  0.85V 
  1736 404 
Steel tonnage, /component (kips) 492 297 
Steel tonnage, total (kips) 789 
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2.2.5 Proposed BRBF-SMRF dual system design  
 
Results from the dual systems that follow the 25% base shear rule from ASCE7-10 and 
previous research about the design of this type of systems (Aukeman and Laursen 2011) 
motivated the development of an improved BRBF-SMRF Dual System design. Aukeman and 
Laursen (2011) used a more detailed design procedure that takes into account the interaction 
between the two systems. For the present study, the same procedure was applied, but MRSA was 
used instead of ELF. Moreover, different portions of base shear were tried for the SMRF design 
and the performance of the dual system regarding seismic stability was evaluated through its 
pushover analysis results. The overall goal of this proposed dual system, which is not compliant 
with ASCE 7-10, is to allow more load sharing between the BRBF and the SMRF and to provide 
a more gradual development of inelastic response so that the system maintains positive stiffness 
to larger drift levels.  The negative stiffness was compared for the different cases and it was 
observed that assigning 50% of the base shear to the SMRF provided better results for the 9-story 
BRBF. This portion of base shear was adopted for the Proposed BRBF-SMRF Dual System 
design that consist of the following three steps:               
1. Design BRBF for full lateral resistance based on modal response spectrum analysis, 
without considering the stability requirements (i.e., ܤଶ ൌ 1) 
2. Design SMRF for 50% of the seismic forces prescribed for the BRBF design. 
3. Combine systems and reduce the BRBF based on the relative rigidity of the BRBF to 
SMRF using modal response spectrum analysis.   
As expected, this is an iterative process in which reduction of the BRBF member sizes is 
performed until convergence is achieved for the relative stiffness of the BRBF to SMRF. 
Member sizes for the converged designs are shown in Tables 2.16, 2.18 and 2.20 with 
corresponding key design parameters in Tables 2.17, 2.19 and 2.21. The converged stiffness ratio 
of the BRBF was 79, 75 and 79% for the 4, 9 and 15-story systems, respectively. Finally, it is 
worth noting that the weight of the dual systems designed according to this approach is nearly 
the same as that of the dual systems designed according to ASCE 7-10 minimum base shear 
requirement. For the 4-story building, DS4-P is 3% heavier than DS4 (121 vs 118 kips). For the 
9-story building, DS9-P is 3% lighter than DS9 (323 vs 334 kips). And, for the 15-story building, 
DS15-P is 2% heavier than DS15 (803 vs 789 kips). 
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Table 2.16. Member sizes for DS4-P prototype 
Level/ 
Story 
BRBF SMRF 
Column Beam BRB (in2) Column Beam 
Roof - W10X19 - - W14X53 
4 W8X58 W14X38 2.04 W30X124 W27X94 
3 W8X58 W14X38 3.06 W30X124 W30X108 
2 W8X58 W14X38 3.94 W30X124 W30X116 
Ground W12X96 W12X45 5.70 W30X173 W12X45 
-1 W12X96 - - W30X173 - 
 
Table 2.17. Seismic design parameters and results for DS4-P prototype (/building) 
Parameter 
DS4-P 
BRBF SMRF 
MRSA converged stiffness ratio (%) 79% 21% 
Base Shear for MRSA (kips) 0.85V = 531 0.50 × 0.85V = 265.5 
Base Shear used in design (kips) 0.79 × ρ × 0.85V ρ × 0.50 ×  0.85V 
  545 345 
Maximum Drift (hs) 0.007 
Maximum ASCE 7 θ 0.037 
Steel tonnage, /component (kips) 55 65 
Steel tonnage, total (kips) 121 
 
Table 2.18. Member sizes for DS9-P prototype 
Level/ 
Story 
BRBF SMRF 
Column Beam BRB (in2) Column Beam 
Roof - W10X26 - - W14X53 
9 W8X40 W14X38 1.53 W27X102 W27X94 
8 W8X40 W14X38 2.65 W27X102 W30X108 
7 W10X88 W14X38 3.12 W30X148 W30X108 
6 W10X88 W14X38 3.52 W30X148 W30X116 
5 W10X88 W14X38 4.06 W30X148 W33X130 
4 W14X145 W14X38 4.39 W36X232 W33X141 
3 W14X145 W16X45 5.3 W36X232 W33X141 
2 W14X145 W18X50 6.21 W36X232 W33X130 
Ground W14X211 W12X45 7.57 W36X282 W12X45 
-1 W14X211 - - W36X282 - 
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Table 2.19. Seismic design parameters and results for DS9-P prototype (/building) 
Parameter 
DS9-P 
BRBF SMRF 
MRSA converged stiffness ratio (%) 75% 25% 
Base Shear for MRSA (kips) 0.85V = 741 0.50 × 0.85V = 371 
Base Shear used in design (kips) 0.75 × ρ × 0.85V ρ × 0.50 ×  0.85V 
  723 482 
Maximum Drift (hs) 0.008 
Maximum ASCE 7 θ 0.076 
Steel tonnage, /component (kips) 155 168 
Steel tonnage, total (kips) 323 
 
 
Table 2.20. Member sizes for DS15-P prototype  
Level/ 
Story 
BRBF SMRF 
Column Beam BRB (in2) Column Beam 
Roof - W10X26 - - W14X53 
15 W8X40 W14X38 2.63 W30X173 W27X129 
14 W8X40 W14X38 3.59 W30X173 W27X146 
13 W12X96 W14X38 4.12 W33X201 W27X161 
12 W12X96 W14X38 4.68 W33X201 W27X161 
11 W12X96 W14X38 5.20 W33X201 W27X161 
10 W14X176 W14X38 5.40 W33X291 W30X173 
9 W14X176 W16X45 5.58 W33X291 W30X191 
8 W14X176 W16X45 6.04 W33X291 W30X191 
7 W14X257 W16X50 6.52 W33X387 W30X191 
6 W14X257 W16X50 7.01 W33X387 W33X201 
5 W14X257 W18X55 7.37 W33X387 W33X201 
4 W14X370 W18X60 7.95 W36X529 W33X241 
3 W14X370 W18X71 9.06 W36X529 W30X235 
2 W14X370 W21X83 10.57 W36X529 W27X94 
Ground W14X455 W12X45 12.35 W36X652 W12X45 
-1 W14X455 - - W36X652 - 
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Table 2.21. Seismic design parameters and results for DS15-P prototype (/building) 
Parameter 
DS15-P 
BRBF SMRF 
MRSA converged stiffness ratio (%) 74% 26% 
Base Shear for MRSA (kips) 0.85V = 1242 0.50 × 0.85V = 621 
Base Shear used in design (kips) 0.75 × ρ × 0.85V ρ × 0.50 ×  0.85V 
  1195 807 
Maximum Drift (hs) 0.008 
Maximum ASCE 7 θ 0.088 
Steel tonnage, /component (kips) 326 476 
Steel tonnage, total (kips) 803 
 
 
2.2.6 Gravity column design 
 
As explained in the following sections, gravity columns are included in the model for all 
prototype buildings. As such, three types of gravity columns were designed according to its 
location in the building and the corresponding gravity loading. The same depth of section was 
maintained along the height of the building. Member sizes for the three building heights are 
presented in Tables 2.22, 2.23 and 2.24.  
 
Table 2.22. Gravity column sizes for 4-story buildings 
Level/ 
Story 
Corner 
Column 
Edge 
Column 
Interior 
Column 
Roof - - - 
4 W10X33 W10X39 W10X49 
3 W10X33 W10X39 W10X49 
2 W10X33 W10X39 W10X49 
Ground W10X45 W10X54 W10X88 
-1 W10X45 W10X54 W10X88 
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Table 2.23. Gravity column sizes for 9-story buildings 
Level/ 
Story 
Corner 
Column 
Edge 
Column 
Interior 
Column 
Roof - - - 
9 W14X48 W14X48 W14X48 
8 W14X48 W14X48 W14X48 
7 W14X48 W14X61 W14X82 
6 W14X48 W14X61 W14X82 
5 W14X48 W14X61 W14X82 
4 W14X61 W14X90 W14X120 
3 W14X61 W14X90 W14X120 
2 W14X61 W14X90 W14X120 
Ground W14X82 W14X99 W14X145 
-1 W14X82 W14X99 W14X145 
 
 
Table 2.24. Gravity column sizes for 15-story buildings 
Level/ 
Story 
Corner 
Column 
Edge 
Column 
Interior 
Column 
Roof - - - 
15 W14X48 W14X48 W14X48 
14 W14X48 W14X48 W14X48 
13 W14X48 W14X61 W14X82 
12 W14X48 W14X61 W14X82 
11 W14X48 W14X61 W14X82 
10 W14X61 W14X90 W14X120 
9 W14X61 W14X90 W14X120 
8 W14X61 W14X90 W14X120 
7 W14X74 W14X109 W14X159 
6 W14X74 W14X109 W14X159 
5 W14X74 W14X109 W14X159 
4 W14X90 W14X132 W14X211 
3 W14X90 W14X132 W14X211 
2 W14X90 W14X132 W14X211 
Ground W14X99 W14X145 W14X233 
-1 W14X99 W14X145 W14X233 
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2.3  NUMERICAL MODELS 
 
The nonlinear analyses in this study were performed through numerical models 
developed in OpenSees (McKenna et al. 2006) for all design prototypes. Models created in 
OpenSees for previous studies (Ariyaratana and Fahnestock 2011) have used distributed plasticity 
through elements with fiber sections. For this study, concentrated plasticity was used for beams 
and columns so that the latest nonlinear modeling techniques, that include member deterioration, 
could be employed in the analysis. More details about this approach are provided in the 
following sections and schematic elevations of BRBF and SMRF models are presented in 
Figures 2.12 and 2.13.   
 
2.3.1 General definition of the model  
 
The OpenSees model was created in 2-dimensions and the symmetry of the building 
floorplan allowed modeling only half of the building. All 18 columns for half of the building 
were included in the model and to account for P-Δ effects a rigid diaphragm was simulated 
through rigid beams that connected the gravity columns to one another and to the seismic force-
resisting system (SFRS) at each level. As the SFRS for all prototypes is located at the center of 
the perimeter, gravity columns were distributed evenly on both sides. Columns corresponding to 
the SFRS were fixed at the base, whereas gravity columns were pinned. Nodes at the ground 
level were laterally restrained to simulate the basement. For the BRBF, moment-resisting beam-
column connections were assumed at the braces and pinned beam-column connections at the 
roof. The BRBs were pinned to the gusset plates.  
 
2.3.2 Beams and columns 
 
Concentrated plasticity models consist of elastic elements connected by zero-length 
rotational springs that are used to represent the element’s nonlinear behavior. As could be 
expected, this type of model is empirical and, as a result, requires an expected moment-rotation 
(M-θ) relationship at the plastic hinge that is represented by the rotational springs. Due to the 
flexibility in the definition of this relationship, member deterioration can be included in the 
model. Moreover, concentrated plasticity models are less computationally expensive compared 
to distributed plasticity models due to their relative simplicity. One of the limitations of 
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concentrated plasticity models is that P-M interaction is not captured. Hence, the moment 
capacity of the columns should be reduced in some manner to avoid unconservative results, 
especially for tall buildings.  
The concentrated plasticity model was selected for the beams and columns in this study 
because member deterioration is an important parameter when studying the nonlinear behavior of 
structures and assessing its performance. The modified Ibarra-Medina-Krawinkler (IMK) 
deterioration material model (Ibarra et al. 2005; Lignos and Krawinkler 2009) was used to define 
the rotational spring properties. This model has also been adopted by PEER/ATC 72–1 
(PEER/ATC 2010) and the parameters used for the present study are shown in Table 2.25 and 
Figure 2.5.  
 
 
Figure 2.5. Modified Ibarra-Medina-Krawinkler (IMK) deterioration model (Lignos and Krawinkler, 
2011). 
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Table 2.25. Modified Ibarra-Medina-Krawinkler (IMK) deterioration model parameters 
Parameter Value Comments 
Elastic Stiffness (Ke) Ke = 6EI/L Double-curvature is assumed. 
Effective yield moment (My) My = 1.1Mp Calculated using expected strength of 
material My = Z Ry Fy, where Ry = 
1.1. Effective yield rotation (θy) Ke = My/θy 
Capping moment and rotation 
(Mc and θc) Mc/My = 1.1 Recommended by PEER/ATC 72–1. 
Plastic Rotation (θp) Empirical 
equations derived 
by Lignos and 
Krawinkler (2010) 
Equations were derived with a 
database on experimental studies of 
wide-flange beams. Inputs are h/tw, 
bf/2tf, and L/d. 
Post-capping Plastic Rotation 
(θpc) 
Deterioration Parameter (Λ) 
Residual Strength Ratio 
(κ = Mr/My) 0.4 
Recommended by PEER/ATC 72–1 
and Lignos and Krawinkler (2010). 
Ultimate Rotation Capacity 
(θu) 0.5 
θu was set to a large value (0.5) to 
prevent the onset of ductile tearing. 
Stiffness Amplification 
Parameter (n) 10 
Ibarra and Krawinkler (2005) 
recommend multiplying the moment 
of inertia of the elastic beam and 
column elements by (1 + n)/n, and the 
deterioration parameter (Λ) by (1 + n) 
 
Test data for steel columns, which are subjected to combined axial and flexural demands 
during cyclic loading, is limited or non-existent depending on the type of section. The values 
from the calibrated equations for steel beams (Lignos and Krawinkler 2010) could serve as an 
upper bound for the moment-rotation relationship of columns but axial load effects should be 
considered (PEER/ATC 2010). Taking these considerations into account, the same model (IMK) 
was adopted for the columns and its moment capacity (Mp) was reduced by the expected gravity 
load considering P-M interaction. It is worth noting that for the columns that are oriented about 
its weak axis not all of the IMK parameters could be adopted since the test data corresponds to 
strong-axis behavior of beams. A simplified IMK model was used for these weak-axis columns 
by not considering cyclic deterioration and assuming θp = 0.10.            
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2.3.3 Buckling-restrained braces (BRBs) 
 
BRBs were modeled as Corotational Truss elements between the connection gusset 
plates using Steel4 material from OpenSees. This material was specifically developed to provide 
a simple solution for numerical analysis of BRBs and its formulation was based on Steel02 
material, which corresponds to the Giuffré-Menegotto-Pinto model with isotropic strain 
hardening (Zsarnóczay 2013). Steel4 uses the Menegotto-Pinto formulation but follows a 
different approach for isotropic hardening. The effects of low-cycle fatigue were not included in 
Steel4 since the Fatigue material from OpenSees can be used along with any other material to 
include these effects. The Fatigue material model accumulates damage based on strain amplitude 
using Miner’s Rule and, once a damage level of 1.0 is reached, the stress of the parental material 
becomes zero. As part of the development of Steel4, calibration with experimental data from 15 
tests was performed. The test specimens were produced by Star Seismic, which is one of the 
main fabricators of BRBs in the U.S. and is now part of CoreBrace.   
All of the calibrated parameters that resulted from Steel4 development (Zsarnóczay 2013) 
were used for this study with the exception of the ultimate strength ( ௨݂), which was calibrated 
with results of force-deformation response from large-scale experimental data (Fahnestock et al. 
2007a). Figures 2.6, 2.7 and 2.8 show reasonable agreement between the response of calibrated 
BRB models and BRB experimental data from six braces that were part of the 4-story BRBF. 
The two braces (in the fourth story) were excluded because they presented unexpected behavior 
during testing due to atypically small cores. Particularly, the numerical model reasonably 
captures the hardening in terms of strength increase although the hysteretic response is fuller in 
the models than in the tests. This indicates that the model is dominated by isotropic hardening 
and presents modest kinematic hardening. The resulting Steel4 parameters used for this study are 
presented in Table 2.26. For the expressions included in the table, ܧௌ is the Young’s modulus, 
ௌ݂ெ is the stiffness modification factor, ܣ௦௖	is the steel core area in mm2, ܴ௬ is the material 
overstrength, and ஽݂ெ ൌ ݈௧௢௧/݈௬ is the deformation modification factor, where ݈௧௢௧ is the total 
brace length and ݈௬ is the yielding region length.  
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Table 2.26. Steel4 material parameters 
Parameter Tension Compression Description 
E0 ܧௌ ∙ ௌ݂ெ Initial stiffness 
௬݂ 42 ksi Yield strength 
௨݂ 1.35 ௬݂ 1.55 ௬݂ Ultimate strength 
Kinematic  hardening 
b 0.4% 2.5% Kinematic hardening ratio 
R0 25.0 
Control the exponential transition from 
linear elastic to hardening asymptote r1 0.91 
r2 0.15 
Ru 2.0 
Control the exponential transition from 
kinematic hardening to perfectly plastic 
asymptote 
Isotropic hardening 
bi 1.50% 1.30% Initial hardening ratio 
bl 0.06 ൅ 0.02
଺଴଴
஺ೞ೎      (%) Saturated hardening ratio 
ρi 1.15 ൅ 0.45600ܣ௦௖  0.85 ൅ 0.25ඨ
600
ܣ௦௖  
Specifies the position of the intersection 
point between initial and saturated 
hardening asymptotes 
Ri 3.0 Control the exponential transition from initial to saturated asymptote 
lyp 1.0 Length of the yield plateau 
Fatigue  
m -0.400 Slope of Coffin-Manson curve in log-log space 
ε0 0.14 ൅ 0.4൫ܴ௬ െ 1.1൯
஽݂ெ
 Value of strain at which one cycle will 
cause failure 
 
Since the BRBs were modeled as truss elements with constant cross-sectional area 
ܣ௦௖	along its length, a stiffness modification factor ௌ݂ெ had to be used to simulate the actual 
stiffness of these elements considering the several regions contained within its length (i.e. 
connection region, transition region and yielding region). As explained above, for design, the 
braces were assumed to have an equivalent cross-sectional area over its work-point length equal 
to 1.5 times the core cross-section area ܣ௦௖. This assumption is reasonable considering typical 
values for the length of BRBs used in this study; therefore, it was maintained for nonlinear 
analysis. The work-point length, however, includes the connection gusset plates that have 
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varying areas according to its design. As a result, it was necessary to perform an additional study 
to determine an appropriate value of ௌ݂ெ. Approximate areas for all gusset plates were calculated 
based on the thickness and geometry and it was observed that a value of ௌ݂ெ = 1.25 was adequate 
to obtain on average an equivalent work-point length stiffness. The material overstrength for this 
study was determined as ܴ௬ ൌ 42݇ݏ݅/36݇ݏ݅ ൌ 1.17. Finally, the length of the yielding region is 
taken as 70% of BRB length, which in turn is taken as taken as 70% of the work-point length. 
This results in a deformation modification factor of ஽݂ெ ൌ 1/0.49 ൌ 2.04. These values of ܴ௬ 
and ஽݂ெ result in a value of strain at which one cycle will cause failure ε0 = 0.08, which would 
correspond to ߤ௠௔௫ ൎ 60. While the recommended calibrated parameters developed by 
Zsarnóczay (2013) provide overall good agreement with the experimental cyclic behavior, test 
data from previous research does not support a value of ߤ௠௔௫ of such magnitude. Further 
discussion about this issue is presented in the next sections.   
 
 
Figure 2.6. BRB response from experimental data (Fahnestock et al. 2007a) comparison with 
Steel4 BRB calibrated model, Story 1.  
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Figure 2.7. BRB response from experimental data (Fahnestock et al. 2007a) comparison with 
Steel4 BRB calibrated model, Story 2.  
 
Figure 2.8. BRB response from experimental data (Fahnestock et al. 2007a) comparison with 
Steel4 BRB calibrated model, Story 3. 
 
2.3.4 Gusset plate 
 
Gusset plate regions were modeled using rigid links along all the elements that are 
connected to each work-point, that is, beam, column and brace for the connections located at the 
corners and beams and braces for the connections located at the midspan of beams. Gusset plate 
design was performed as part of the frame design and the resulting properties were used for this 
task. The rigid links for the beams and columns were assigned an area and moment of inertia 
equal to ten times the associated properties of the elements to represent the rigid region 
generated by the connections. An average of the length of all gusset-to-beam connections of each 
frame was assigned to all beams links. Likewise, an average of the length of all gusset-to-column 
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connections of each frame was assigned to all column links. The rigid links that connect the end 
of the braces to the beam-column-brace work-point are intended to represent the gusset plate 
and, therefore, its length corresponds to 15% of the brace work-point length (0.15 Lwp). The 
same area, Arl, was assigned for the rigid links at both sides of the brace and this was based on 
the geometry of the gusset plate and the adjacent elements. For frames with weak-axis column 
orientation Arl = lg×tg+lb×twb, and for frames with strong-axis column orientation Arl = 
lc×twc+lg×tg+lb×twb; where, tg is the gusset plate thickness, twb is the beam web thickness, twc is the 
column web thickness, and the corresponding lengths, lg,  lb and lc, are shown in Figure 2.9.   
 
  
a) Weak-axis column orientation b) Strong-axis column orientation 
Figure 2.9. Gusset plate model.  
 
2.3.5 Panel zone 
 
Panel zone behavior has a significant effect on the seismic performance of steel moment 
frame structures. Shear deformation and shear strength of panel zones contribute to elastic and 
inelastic story drifts and control the distribution of inelastic deformations between beam and 
columns (PEER/ATC 2010). Therefore, appropriate modeling of panel zones is an important 
issue for nonlinear analysis. The model proposed by Krawinkler (1978), also included in 
PEER/ATC 72–1, was adopted for this study and is illustrated in Figure 2.11. This model consist 
of a parallelogram formed by four rigid links that are connected with hinges at the corners. The 
strength and stiffness properties of the panel zone are modeled by adding one (or two) rotational 
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springs to one of the corners. The tri-linear shear force - shear distortion relationship, shown in 
Figure 2.10, is controlled by the properties of the adjacent element through the following 
equations:  
௬ܸ ൌ 0.55ܨ௬݀௖ݐ௣ ሺ2 െ 1ሻ 
 
ߛ௬ ൌ ܨ௬√3 ൈ ܩ ሺ2 െ 2ሻ 
ܭ௘ ൌ ௬ܸߛ௬ ൌ 0.95݀௖ݐ௣ܩ ሺ2 െ 3ሻ 
௣ܸ ൌ ௬ܸ ቆ1 ൅ 3ܾ௖ݐ௖௙
ଶ
݀௕݀௖ݐ௣ ቇ ሺ2 െ 4ሻ 
ߛ௣ ൌ 4ߛ௬ ሺ2 െ 5ሻ 
 
 
Figure 2.10. Tri-linear shear force and shear distortion relationship for panel zone (Gupta and 
Krawinkler, 1999). 
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Figure 2.11. Analytical model for panel zone (PEER/ATC 2010). 
 
2.3.6 Damping 
 
Structural damping is applied in OpenSees using Rayleigh damping, which generates a 
damping matrix (۱) through a linear combination of the mass and stiffness matrices (ۻ and ۹) in 
accordance with the following equation:  
۱ ൌ ߙۻ൅ ߚ۹ ሺ2 െ 6ሻ 
where ߙ and ߚ are the mass-proportional damping and stiffness-proportional damping constants. 
For all models, a critical damping ratio of 0.02 (ζ = 2%) was used, as recommended by 
PEER/ATC 72–1 for steel systems with less than 30 stories (PEER/ATC, 2010). The first and 
third modes of each structure were used to calculate the damping (Leger and Dussault 1992) 
using the following equations: 
ߙ ൌ 2ߞ߱ଵ߱ଷ߱ଵା߱ଷ ሺ2 െ 7ሻ 
ߚ ൌ 2ߞ߱ଵା߱ଷ ሺ2 െ 8ሻ 
where ߱ଵ and ߱ଷ are the natural frequencies of the first and third mode, respectively. The 
stiffness-proportional damping was assigned only to the elastic beam and column elements, 
while the mass-proportional damping was applied only to the nodes with mass, as proposed by 
Zareian and Medina (2010). This task was performed using the region command from OpenSees. 
The stiffness-proportional damping term was multiplied by (1 + n)/n, as explained by Zareian 
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and Medina (2010), where n is the stiffness amplification factor from the modified Ibarra-
Medina-Krawinkler (IMK) deterioration material model.  
 
2.3.7 Loads and masses 
 
Masses corresponding to the seismic weight of the structure were assigned at each level. 
These masses were concentrated at nodes within the SFRS of each model in a symmetrical 
manner. Gravity loads given by the combination recommended by FEMA P-695 (Equation 2-9) 
were also applied at each level. Distributed loads were assigned to the SFRS beams and point 
loads were assigned to the SFRS and gravity columns according to tributary area.  
1.05ܦ ൅ 0.25ܮ ሺ2 െ 9ሻ 
 
2.3.8 Non-simulated collapse modes 
 
Out-of-plane buckling and lateral torsional buckling of beams and columns were assumed 
to be prevented by adequate bracing. Connection-related failure modes were not directly 
modeled and were assumed to be prevented through adequate design and detailing. However, 
experimental evident from large-scale BRBF tests indicates that beam-column connections may 
experience undesirable limit states at large story drift.  This issue is considered indirectly as 
discussed below.  
Brace failure is a critical issue regarding the potential collapse of steel braced frames. 
The BRB model used for this study modeled damage due to low-cycle fatigue effects, including 
potential for failure due to a small number of very large cycles. As noted above, the fatigue 
model will indicate BRB fracture for a single monotonic core strain demand approximately 
corresponding to ߤ௠௔௫ ൌ	60. Since this level of maximum ductility, ߤ௠௔௫, has not been 
demonstrated in BRB tests, in this research an additional limit was established for ߤ௠௔௫. This 
was especially important for an adequate assessment of the results from nonlinear static 
(pushover) analyses, where the BRBs are subjected to a monotonic load and the Fatigue material 
does not capture potential fracture because cyclic fatigue does not occur. Based on the findings 
from previous research on this topic, a limit of maximum ductility ߤ௠௔௫ ൌ	30 was adopted as 
part of the failure criteria for BRBs. This value is reasonable considering the BRB ductility 
results from experimental testing summarized in Chapter 1. In addition, ߤ௠௔௫ ൌ	30 corresponds 
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to story drift above 4%, which is a level where localized connection-related limit states have 
been observed in many BRBF experiments. These localized limit states are not captured in the 
models for the present program, so this limit of ߤ௠௔௫ ൌ	30 also serves as a proxy for damage and 
degradation related to BRBF beam-column connections at large drift.  This criterion of ߤ௠௔௫ ൌ
	30 was included in the post-processing of results for the performance evaluation. 
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Figure 2.12. Schematic elevation of BRBF model. 
 
 
Figure 2.13. Schematic elevation of SMRF model. 
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CHAPTER 3  
NONLINEAR STATIC (PUSHOVER) ANALYSES 
 
3.1  INTRODUCTION 
 
Nonlinear Static (Pushover) Analyses were performed in OpenSees for all building 
prototypes. These analyses are a useful tool to evaluate the stability of structural systems and 
asses the significance of P-∆ effects. Nonlinear static analyses are also included as part of the 
process for collapse evaluation of buildings defined by FEMA-P695 Methodology. According to 
the guidelines from this Methodology, the gravity loading included in the analysis corresponds to 
Equation 2-9 and the static lateral force was distributed in proportion to the fundamental mode of 
the structure using the following equation: 
ܨ௫ ∝ 	݉௫߶ଵ,௫ ሺ3 െ 1ሻ 
where ܨ௫ is the lateral force at story level ݔ, ݉௫ is the mass at level ݔ; and ߶ଵ,௫ is the ordinate of 
the fundamental mode shape at level ݔ.  
Maximum base shear capacity, ௠ܸ௔௫,  and ultimate displacement, ߜ௨, are recorded for 
each prototype from the results of nonlinear static analysis. ௠ܸ௔௫ is the maximum base shear at 
any point on the pushover curve and ߜ௨ is the roof displacement at the point where 20% of the 
maximum base shear capacity is lost (0.8	 ௠ܸ௔௫), as shown in Figure 3.1, or when a non-
simulated collapse mode is reached. These two quantities are used to compute the prototype 
overstrength, Ω, and the period-based ductility, ߤ், defined by the following equations: 
Ω ൌ ௠ܸ௔௫ܸ ሺ3 െ 2ሻ 
ߤ் ൌ ߜ௨ߜ௬,௘௙௙ ሺ3 െ 3ሻ 
 
where V is the design base shear and ߜ௬,௘௙௙ is the effective yield roof drift displacement. This 
effective yield roof drift displacement is computed with the following equation: 
ߜ௬,௘௙௙ ൌ ܥை ௠ܸ௔௫ܹ ቂ
݃
4ߨଶቃ ൫maxሺܶ, ଵܶሻ൯
ଶ ሺ3 െ 4ሻ 
where ܹ is the weight of the building, ݃ is the gravity constant, ܶ is the fundamental period 
(ܥ௨ ௔ܶ), ଵܶ is the fundamental period computed using eigenvalue analysis, and the coefficient ܥை 
is calculated as follows: 
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ܥை ൌ ߶ଵ,௥ ∑ ݉௫߶ଵ,௫
ேଵ
∑ ݉௫߶ଵ,௫ଶேଵ
ሺ3 െ 5ሻ 
where ߶ଵ,௥ is the ordinate of the fundamental mode shape at the roof, and ܰ is the number of 
levels.  
 
Figure 3.1. Idealized nonlinear static pushover curve (FEMA 2009). 
 
3.2  RESPONSE SUMMARY 
 
Results from pushover analysis of each frame are summarized through pushover curves 
(Figures 3.2, 3.3 and 3.4) and corresponding values of base shear and roof drift at several points 
of interest along the curve. The pushover curve for BRBF4-1 prototype, shown in Figure 3.5, is 
used to exemplify the points of interest that are used to compare the performance of the different 
prototypes. As explained in the previous section, maximum base shear capacity, ௠ܸ௔௫, and 
ultimate displacement, ߜ௨, are required during the performance evaluation process; therefore, 
these are the first two points considered. A third point was selected at the story drift limit from 
ASCE7-10, 0.02݄௦, corresponding to 2% roof drift in the plots. Base shear and roof drift at these 
points were recorded for each prototype design and are presented in Tables 3.1, 3.2 and 3.3. 
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Figure 3.2. Pushover curves for 4-story prototypes. 
 
 
Figure 3.3. Pushover curves for 9-story prototypes.  
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Figure 3.4. Pushover curves for 15-story prototypes. 
 
 
 
Figure 3.5. Pushover curve for BRBF-4 prototype illustrating points of interest. 
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Table 3.1. Base shear and roof drift at points of interest for 4-story prototypes 
Prototype 
Designation 
At maximum capacity 
(Vmax) 
At ultimate 
displacement (δu) 
At story drift limit     
(2% roof drift) 
Roof drift Base shear Roof drift Base shear Roof drift Base shear 
(%)  (kips) (%)  (kips) (%)  (kips) 
BRBF4-A 2.82 603.8 2.82 603.8 2.00 570.8 
BRBF4-B 1.37 445.1 1.89 387.6 2.00 365.2 
BRBF4-1 1.46 468.5 1.94 414.0 2.00 402.9 
BRBF4-2 2.41 528.8 3.33 506.8 2.00 520.1 
BRBF4-3 2.83 533.2 3.38 529.5 2.00 519.4 
DS4 2.66 705.8 3.62 668.5 2.00 694.9 
DS4-P 2.79 745.4 4.24 692.5 2.00 736.2 
 
Table 3.2. Base shear and roof drift at points of interest for 9-story prototypes  
Prototype 
Designation 
At maximum capacity 
(Vmax) 
At ultimate 
displacement (δu) 
At story drift limit     
(2% roof drift) 
Roof drift Base shear Roof drift Base shear Roof drift Base shear 
(%)  (kips) (%)  (kips) (%)  (kips) 
BRBF9-ELF 1.72 819.3 2.31 688.4 2.00 805.7 
BRBF9-A 2.78 777.8 2.78 777.8 2.00 733.1 
BRBF9-B 0.91 493.2 1.47 394.6 2.00 N/A 
BRBF9-1 1.09 568.1 1.51 463.6 2.00 N/A 
BRBF9-2 1.18 586.0 2.12 529.5 2.00 549.6 
BRBF9-3 1.67 605.8 2.55 567.2 2.00 601.4 
DS9 2.06 852.1 2.72 800.3 2.00 851.9 
DS9-P 1.77 855.1 3.18 715.5 2.00 850.6 
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Table 3.3. Base shear and roof drift at points of interest for 9-story prototypes 
Prototype 
Designation 
At maximum capacity 
(Vmax) 
At ultimate 
displacement (δu) 
At story drift limit     
(2% roof drift) 
Roof drift Base shear Roof drift Base shear Roof drift Base shear 
(%)  (kips) (%)  (kips) (%)  (kips) 
BRBF15-A 2.65 1254.0 2.65 1254.0 2.00 1192.0 
BRBF15-B 0.84 770.6 1.45 629.4 2.00 N/A 
BRBF15-1 1.01 938.8 1.63 833.2 2.00 N/A 
BRBF15-2 1.16 960.6 1.99 866.6 2.00 863.9 
BRBF15-3 1.31 970.2 2.16 885.9 2.00 922.7 
DS15 1.81 1361.0 2.55 1298.0 2.00 1358.0 
DS15-P 1.83 1234.0 2.68 1149.0 2.00 1233.0 
 
The importance of the secondary stiffness of a structural system in seismic stability has 
been discussed in previous sections, and hence it is a relevant parameter when comparing the 
performance of the different prototypes. However, secondary stiffness is variable due to the 
progressive yielding of the components within a system and quantifying it is a challenging task.     
The roof drift at the point where the tangent stiffness (Kt) reaches a value of 10% of the initial 
stiffness (i.e., 0.1 Ki) was measured for each prototype as an approach to compare secondary 
stiffness, and the results are presented in Tables 3.4, 3.5 and 3.6. Finally, as part of the 
performance evaluation process from FEMA-P695, the prototype overstrength, Ω, and the 
period-based ductility, ߤ், were computed for each prototype and the results are summarized in 
Tables 3.7, 3.8 and 3.9. An eigenvalue analysis was conducted in OpenSees to determine the 
model fundamental period, ଵܶ,	of each prototype. It is worth noting that this analysis was 
conducted prior to the application of gravity loads.   
Table 3.4. Initial stiffness for 4-story prototypes 
Prototype 
Designation 
Initial Stiffness (Ki) Roof drift @ 0.1 Ki 
(kips/in) (%) 
BRBF4-A 204.38 0.53 
BRBF4-B 198.01 0.39 
BRBF4-1 202.67 0.40 
BRBF4-2 202.39 0.47 
BRBF4-3 203.77 0.47 
DS4 222.24 1.13 
DS4-P 203.55 1.12 
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Table 3.5. Initial stiffness for 9-story prototypes 
Prototype 
Designation 
Initial Stiffness (Ki) Roof drift @ 0.1 Ki 
(kips/in) (%) 
BRBF9-ELF 106.83 0.70 
BRBF9-A 87.86 1.27 
BRBF9-B 81.67 0.52 
BRBF9-1 87.93 0.60 
BRBF9-2 87.75 0.73 
BRBF9-3 88.59 0.71 
DS9 101.91 1.11 
DS9-P 93.54 0.99 
 
Table 3.6. Initial stiffness for 15-story prototypes 
Prototype 
Designation 
Initial Stiffness (Ki) Roof drift @ 0.1 Ki 
(kips/in) (%) 
BRBF15-A 67.41 1.80 
BRBF15-B 60.78 0.79 
BRBF15-1 67.73 0.89 
BRBF15-2 67.15 0.90 
BRBF15-3 67.94 0.95 
DS15 82.16 1.06 
DS15-P 70.89 1.10 
 
 
Table 3.7. Overstrength and period-based ductility for 4-story prototypes 
Prototype 
Designation 
T1 V Vmax  δu δy, eff  Ω μT 
(sec) (kips) (kips) (%) (in) (%) (in) 
BRBF4-A 1.23 265.5 603.8 2.82 19.3 0.37 2.5 2.27 7.65 
BRBF4-B 1.23 265.5 445.1 1.89 12.9 0.27 1.9 1.68 6.95 
BRBF4-1 1.22 265.5 468.5 1.94 13.3 0.29 2.0 1.76 6.78 
BRBF4-2 1.21 265.5 528.8 3.33 22.8 0.31 2.1 1.99 10.65 
BRBF4-3 1.21 265.5 533.2 3.38 23.1 0.32 2.2 2.01 10.71 
DS4 1.16 265.5 705.8 3.62 24.8 0.38 2.6 2.66 9.42 
DS4-P 1.21 265.5 745.4 4.24 29.0 0.44 3.0 2.81 9.56 
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Table 3.8. Overstrength and period-based ductility for 9-story prototypes 
Prototype 
Designation 
T1 V Vmax  δu δy, eff  Ω μT 
(sec) (kips) (kips) (%) (in) (%) (in) 
BRBF9-ELF 2.25 436.0 819.3 2.31 33.8 0.37 5.5 1.88 6.17 
BRBF9-A 2.58 370.6 777.8 2.78 40.7 0.46 6.7 2.10 6.09 
BRBF9-B 2.58 370.6 493.2 1.47 21.5 0.29 4.2 1.33 5.08 
BRBF9-1 2.49 370.6 568.1 1.51 22.1 0.31 4.6 1.53 4.84 
BRBF9-2 2.49 370.6 586.0 2.12 31.0 0.32 4.7 1.58 6.59 
BRBF9-3 2.48 370.6 605.8 2.55 37.3 0.33 4.8 1.63 7.73 
DS9 2.33 370.6 852.1 2.72 39.8 0.41 6.0 2.30 6.64 
DS9-P 2.44 370.6 855.1 3.18 46.6 0.45 6.6 2.31 7.10 
 
Table 3.9. Overstrength and period-based ductility for 15-story prototypes 
Prototype 
Designation 
T1 V Vmax  δu δy, eff  Ω μT 
(sec) (kips) (kips) (%) (in) (%) (in) 
BRBF15-A 3.80 621.1 1254.0 2.65 63.6 0.60 14.5 2.02 4.39 
BRBF15-B 3.80 621.1 770.6 1.45 34.8 0.37 8.9 1.24 3.90 
BRBF15-1 3.62 621.1 938.8 1.63 39.1 0.41 9.9 1.51 3.95 
BRBF15-2 3.62 621.1 960.6 1.99 47.8 0.42 10.1 1.55 4.71 
BRBF15-3 3.61 621.1 970.2 2.16 51.8 0.42 10.2 1.56 5.10 
DS15 3.32 621.1 1361.0 2.55 61.2 0.50 12.0 2.19 5.09 
DS15-P 3.58 621.1 1234.0 2.68 64.3 0.52 12.5 1.99 5.13 
 
3.2.1 General observations 
 
Pushover curves for all prototypes where P-∆ effects were considered in the analysis 
show strength degradation due to the action of gravity loads on the laterally deflected structure. 
This degradation occurs in different proportion depending on the system configuration. Further 
discussion about this subject is presented in the following sections. Additional parameters were 
evaluated during the post-processing of static pushover analyses results to gain a further 
understanding of the inelastic behavior of each prototype. These parameters included BRB 
response, plastic hinge response at beams and columns, story drift, story shear and energy 
dissipated at each story. The additional knowledge that was obtained from this evaluation is 
condensed in the story drift profiles at maximum base shear capacity ( ௠ܸ௔௫) presented in Figures 
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3.6, 3.7 and 3.8, and at ultimate displacement (ߜ௨) presented in Figures 3.9, 3.10, and 3.11 for 
each prototype; the allowable story drift from ASCE 7-10 (2%) is included for reference.  
 
Figure 3.6. Story drift at ௠ܸ௔௫	for 4-story prototypes. 
 
 
Figure 3.7. Story drift at ௠ܸ௔௫	for 9-story prototypes. 
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Figure 3.8. Story drift at ௠ܸ௔௫	for 15-story prototypes. 
 
 
Figure 3.9. Story drift at ߜ௨	for 4-story prototypes. 
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Figure 3.10. Story drift at ߜ௨ for 9-story prototypes 
 
Figure 3.11. Story drift at ߜ௨ for 15-story prototypes. 
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As shown in the figures, all prototype buildings followed the same general pattern in 
terms of inelastic behavior distribution. Story drift profiles at ௠ܸ௔௫	show that BRB yielding 
initiated in the middle stories and propagated from there to adjacent stories. However, the 
concentration of inelastic demand and resulting deformation was progressively increased in the 
middle stories until the level of unevenness shown in the story drift profiles at ߜ௨ was reached. 
For pushover analyses, the distribution of inelastic behavior is sensitive to how the static lateral 
force pattern used in the analysis compares to the lateral force pattern used in design. For this 
study, the first was proportional to the fundamental mode of the structure while the second was 
obtained from response spectrum analysis. This difference partially explains the uneven 
distribution of inelastic deformation and its concentration in the middle stories. An additional 
possible cause of this behavior is the effect of the basement on the building response. The 
columns are laterally supported at the ground level and the basement serves as a backspan, which 
allows them to resist lateral loading through flexure and control inelastic deformation in the 
lower stories. 
It is worth noting that the base shear capacity and the ultimate displacement are 
successively higher for prototypes 1, 2, 3 and DS, in that order. Likewise, in general, the 
concentration of inelastic deformation at ߜ௨ decreases in the same order, as show in the figures 
above. For all prototypes, the ultimate displacement (ߜ௨) corresponds to a point where a 
maximum ductility ߤ௠௔௫ ൌ	30 is reached for one of the BRBs in middle stories, with the 
exception of prototype BRBF9-B where a 20% strength loss (0.8	 ௠ܸ௔௫) occurs slightly before. At 
the ultimate displacement, the sources of inelasticity are BRB yielding and plastic hinge 
formation at beams and columns in the BRBF, as well as in the SMRF for the dual systems. The 
formation of plastic hinges in the columns leads to the development of story mechanisms, which 
explains the propensity for instability demonstrated by the negative stiffness of the responses.               
  
3.2.2 Influence of code provisions for seismic stability 
 
The response comparison shown in Figures 3.12, 3.13 and 3.14 is useful to assess the 
significance of P-∆ effects for each BRBF height and the effect of using code provisions for 
seismic stability. The BRBFs designed without considering the stability requirements of AISC 
360-10 (i.e., with B2=1) show a base shear capacity ( ௠ܸ௔௫) of 603.8, 777.8 and 1254 kips for the 
4, 9 and 15-story buildings, respectively, when P-∆ effects were not considered in the analysis 
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(i.e., prototype A for each height). (Note that this is a fictitious case since P- effects are always 
present in real structures, but it is a useful baseline for comparison.) This corresponds to an 
overstrength (Ω) of 2.27, 2.10 and 2.02, respectively. The ultimate displacement (ߜ௨) for this 
prototypes is 2.82, 2.78, and 2.65% and the tangent stiffness reaches a value of 0.1 Ki at 0.53, 
1.27 and 1.80% roof drift, respectively. When P-∆ effects are considered in the analysis (i.e., 
prototype B for each height), the base shear capacity is reduced to 445.1, 493.2 and 770.6 kips 
for the 4, 9 and 15-story BRBFs, which corresponds to a significantly reduced overstrength of 
1.68, 1.33 and 1.24, respectively. The ultimate displacement is also considerably reduced to 1.87, 
1.47, 1.45%, respectively. Furthermore, the initial stiffness (Ki) of the system (Tables 3.4, 3.5 
and 3.6) is reduced by 3, 7 and 10% for each height and the tangent stiffness reaches a value of 
0.1 Ki at much earlier values of 0.39, 0.52 and 0.79% roof drift, respectively. Finally, after 
maximum base shear capacity is reached (at 1.37, 0.91 and 0.84% roof drift, respectively), all 
prototypes develop negative stiffness, which indicates that they might be prone to dynamic 
instability. Based on the comparison above, P-∆ effects seem to be more critical as the height of 
the building increases.    
When the stability requirements of AISC 360-10 are included in the design process, 
through the use of the B2 multiplier (i.e., prototype 1 for each height), the initial stiffness of the 
system is restored to nearly the same to that of the BRBF in which P-∆ effects are neglected in 
the analysis and no amplification is used (i.e., prototype A for each height). This was expected 
since the calculation of the B2 multiplier is based on the elastic (first-order) stiffness of the 
system. The base shear capacity, in contrast, is not equally restored. The values of ௠ܸ௔௫ (468.5, 
568.1 and 938.8 kips) are slightly higher than those observed for prototype B, and correspond to 
an overstrength of 1.76, 1.53 and 1.51, for the 4, 9, and 15-story BRBFs, respectively. Similar 
results occur for roof drift at ultimate displacement (1.94, 1.51 and 1.63%, respectively) and at 
the point where Kt equals 0.1 Ki (0.40, 0.60 and 0.89%, respectively). More importantly, the 
secondary stiffness of the system (stiffness after yielding occurs) does not change due to the 
application of the B2 multiplier and the development of negative stiffness is barely delayed ( ௠ܸ௔௫ 
is reached at 1.46, 1.09 and 1.01% roof drift, respectively), which indicates that BRBFs might 
still be susceptible to dynamic instability. The indirect and relatively superficial approach of 
current code provisions to address P-∆ effects is demonstrated by these observations. It is worth 
noting that neither prototype 1 nor prototype B reaches 2% roof drift without completely losing 
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its entire base shear capacity, for the 9 and 15-story cases. Moreover, the proportion in which the 
properties of the system improve by using the B2 multiplier increases with the building height. 
 
Figure 3.12. Pushover curves for prototypes BRBF4-A, BRBF4-B and BRBF4-1. 
 
 
Figure 3.13. Pushover curves for prototypes BRBF9-A, BRBF9-B and BRBF9-1. 
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Figure 3.14. Pushover curves for prototypes BRBF15-A, BRBF15-B and BRBF15-1. 
 
The influence of the analysis procedure selection during design was also studied for the 
9-story BRBF by comparing the prototype where MRSA was used (BRBF9-1) with the 
prototype where ELF procedure was used (BRBF9-ELF). Figure 3.15 shows pushover curves for 
these two prototypes.  The base shear used for the MRSA design corresponded to 85% of the 
base shear used for the ELF procedure design (370.6 vs 436.0 kips, as shown in Table 3.8), and 
this is reflected in the maximum base shear capacity (568.1 vs 819.3kips) and overstrength (1.53 
vs 1.88) although the proportion is different. For the MRSA design, roof drift at ultimate 
displacement (1.51%) and at the point where Kt equals 0.1 Ki (0.60%) are also lower compared 
to the corresponding values for the ELF design (2.31% and 0.70%, respectively). Finally, 
BRBF9-1 prototype starts developing negative stiffness much earlier compared to BRBF9-ELF 
prototype ( ௠ܸ௔௫ is reached at 1.09 and 1.72% roof drift, respectively) and the change is much 
more gradual for the latter. However, the response of both designs indicate that they might be 
prone to instability and no conclusions about the relative dynamic performance of these two 
prototypes can be made evaluating pushover analyses results only. It is noteworthy that the just-
released ASCE 7-16 document (ASCE 2017) requires that MRSA base shear be equal to ELF 
base shear, so the appreciable differences in response between ELF and MRSA designs that are 
demonstrated here are expected to be diminished significantly. 
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Figure 3.15. Pushover curves for prototypes BRBF9-ELF and BRBF-1 (MRSA). 
 
3.2.3 Influence of BRBF column orientation 
 
Using strong-axis orientation for the BRBF columns (prototype 2 for each height) seems 
to improve the performance of the system significantly. The base shear capacity of prototype 2 
for each building height does not increase considerably compared to that of prototype 1 (528.8 vs 
468.5, 586.0 vs 568.1, and 960.6 vs 938.8 kips for the 4, 9 and 15-story buildings, respectively), 
but the development of negative stiffness due to P-∆ effects is much more gradual and delayed. 
For prototype 2, the roof drift at ultimate displacement is 3.33, 2.12 and 1.99% compared to 
1.94, 1.51 and 1.63% for prototype 1, for the 4, 9 and 15-story buildings, respectively. Similarly, 
the roof drift at the point where Kt equals 0.1 Ki is 0.47, 0.73 and 0.90% for prototype 2 
compared to 0.40, 0.60 and 0.89% for prototype 1, for the each height, respectively. Finally, 
௠ܸ௔௫ is reached at 2.41, 1.18 and 1.16% roof drift for prototype 2 compared to 1.46, 1.09 and 
1.01% for prototype 1, for the each height, respectively. The responses indicate that prototype 2 
is still prone to dynamic instability, but in a much less significant manner compared to prototype 
1, for each building height. 
 
3.2.4 Influence of gravity column continuity 
 
The use of continuous gravity columns (prototype 3 for each height) also appears to 
improve the performance of the system considerably. As can be expected, this improvement is 
higher in proportion compared to the improvement due to the use of strong-axis BRBF columns 
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since there are more gravity columns than braced frame columns. Again the base shear capacity 
of prototype 3 for each building height does not increase significantly compared to that of 
prototype 1, but the development of negative stiffness due to P-∆ effects is much more gradual 
and delayed. The base shear capacity for prototype 3 is 533.2, 605.8 and 970.2 kips for the 4, 9 
and 15-story BRBFs, respectively. The roof drift at ultimate displacement is 3.38, 2.55 and 
2.16%, respectively. The roof drift at the point where Kt equals 0.1 Ki is 0.47, 0.71 and 0.95% , 
respectively. Finally, after ௠ܸ௔௫ is reached at 2.83, 1.67 and 1,31% for each height, respectively, 
these prototypes also develop negative stiffness, which again shows that they might be 
susceptible to dynamic instability. This susceptibility, however, is less pronounced compared to 
that of prototypes 2 and much less pronounced compared to that of prototypes 1.  
 
3.2.5 Influence of BRBF-SMRF dual systems 
 
BRBF-SMRF dual systems provide a more evident improvement compared to all other 
alternatives to address P-∆ effects. The base shear capacity of these systems overcome or nearly 
matches that of the corresponding BRBF in which P-∆ effects are neglected in the analysis and 
no amplification is used (i.e., prototype A for each height). Furthermore, after the maximum base 
shear capacity is reached, the negative stiffness due to P-∆ effects develops in a much slower rate 
compared to all other alternatives.      
For the dual systems designed according to the ASCE7-10 minimum base shear 
requirement, DS4, DS9 and DS15, the base shear capacity is 705.8, 852.1 and 1361.0 kips, 
respectively, and the roof drift at ultimate displacement is 3.62, 2.72 and 2.55%, respectively. 
The use of an alternative approach to design the dual system, demonstrated by prototypes DS4-P, 
DS9-P and DS15-P, resulted in an apparently better performance for at least two of the building 
heights (4 and 9-story) by using nearly the same steel tonnage. The base shear capacity for these 
prototypes (745.4, 855.1 and 1234.0 kips, respectively) is not always higher compared to that of 
prototypes DS4, DS9 and DS15, but the ultimate displacement (at 4.24, 3.18 and 2.68%, 
respectively) occurs later in the response. As can be expected, the initial stiffness of prototypes 
DS4, DS9 and DS15 is higher compared to that of all the other prototypes for each height, 
respectively, due to the contribution of the SMRF. In contrast, the initial stiffness for prototypes 
DS4-P, DS9-P and DS15-P is similar to that of all the other prototypes for each height, 
respectively, due to the reduction of the BRBF member sized performed during design. Later on 
77 
 
the response, the tangent stiffness becomes very similar for the two dual system designs and a 
negative stiffness with lower slope is observed for prototypes DS4-P and DS9-P compared to 
that of prototypes DS4 and DS9, respectively. The roof drift at the point where Kt equals 0.1 Ki 
is not very different between the two dual system designs, but it is higher compared to all other 
alternatives for each height.     
  Figures 3.16, 3.17, 3.18, 3.19, 3.20 and 3.21 show the contribution of each component 
of the system (BRBF, SMRF and gravity columns) to the base shear capacity of the dual system 
designs. As expected, for the dual systems that were designed according the proposed procedure 
(DS4-P, DS9-P and DS15-P), the SMRF carries a much larger portion of the base shear 
compared to its counterpart designed according to the ASCE7-10 minimum base shear 
requirement (DS4, DS9 and DS15). Initially, the BRBF carries most of the base shear for both 
designs; however, after the BRBF yields, the base shear carried by the SMRF in prototypes DS4-
P, DS9-P and DS15-P keeps increasing until it nearly matches the base shear carried by the 
BRBF.    
 
Figure 3.16. Pushover curve for DS4 prototype. 
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Figure 3.17. Pushover curve for DS4-P prototype. 
 
Figure 3.18. Pushover curve for DS9 prototype. 
 
Figure 3.19 Pushover curve for DS9-P prototype. 
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Figure 3.20. Pushover curve for DS15 prototype. 
 
Figure 3.21. Pushover curve for DS15-P prototype. 
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CHAPTER 4  
NONLINEAR DYNAMIC (RESPONSE HISTORY) ANALYSES 
 
4.1  INTRODUCTION 
 
Nonlinear dynamic analyses were conducted as part of the performance evaluation 
process following the guidelines from the FEMA P-695 Methodology (FEMA 2009). The 
factored gravity load used in the analyses corresponds to the combination in Equation 2-9 and 
the input ground motions correspond to the Far-Field record set provided by this Methodology. 
This Far-Field record set consist of twenty-two records (44 individual components) selected from 
the PEER NGA database (PEER 2006) and summarized in Table 4.1.  
 
Table 4.1. Summary of FEMA P-695 Far-Field record set 
Ground Motion Earthquake Recording Station 
ID 
No. 
Record No. 
(Comp.) M Year Name Name Owner 
1 1, 2 6.7 1994 Northridge Beverly Hills - Mulhol USC 
2 3, 4 6.7 1994 Northridge Canyon Country-WLC USC 
3 5, 6 7.1 1999 Duzce, Turkey Bolu ERD 
4 7, 8 7.1 1999 Hector Mine Hector SCSN 
5 9, 10 6.5 1979 Imperial Valley Delta UNAMUCSD 
6 11, 12 6.5 1979 Imperial Valley El Centro Array #11 USGS 
7 13, 14 6.9 1995 Kobe, Japan Nishi-Akashi CUE 
8 15, 16 6.9 1995 Kobe, Japan Shin-Osaka CUE 
9 17, 18 7.5 1999 Kocaeli, Turkey Duzce ERD 
10 19, 20 7.5 1999 Kocaeli, Turkey Arcelik KOERI 
11 21, 22 7.3 1992 Landers Yermo Fire Station CDMG 
12 23, 24 7.3 1992 Landers Coolwater SCE 
13 25, 26 6.9 1989 Loma Prieta Capitola CDMG 
14 27, 28  6.9 1989 Loma Prieta Gilroy Array #3 CDMG 
15 29, 30 7.4 1990 Manjil, Iran Abbar BHRC 
16 31, 32 6.5 1987 Superstition Hills El Centro Imp. Co. CDMG 
17 33, 34 6.5 1987 Superstition Hills Poe Road (temp) USGS 
18 35, 36 7.0 1992 Cape Mendocino Rio Dell Overpass CDMG 
19 37, 38 7.6 1999 Chi-Chi, Taiwan CHY101 CWB 
20 39, 40 7.6 1999 Chi-Chi, Taiwan TCU045 CWB 
21 41, 42 6.6 1971 San Fernando LA - Hollywood Stor CDMG 
22 43, 44 6.5 1976 Friuli, Italy Tolmezzo -- 
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4.1.1 Ground motion record intensity and scaling 
 
According to the Methodology, the scaling process of ground motion records is 
performed in two steps: normalization and scaling. Normalization by peak ground velocity is 
conducted as a method to remove unwarranted variability between records, while still 
maintaining the inherent aleatory variability necessary for accurately predicting collapse fragility 
(FEMA 2009). Normalization factors for each record of the Far-Field set are provided by the 
Methodology and were used to obtain the normalized Far-Field record set. The second step 
corresponds to actually scaling the normalized Far-Field record set to match a particular level of 
ground motion intensity. The ground motion intensity is defined in terms of the median spectral 
intensity of the Far-Field record set, rather than the spectral intensity for each individual record 
(FEMA 2009). Therefore, to scale the record set to a specific level of intensity, a scaling factor is 
determined so that the median spectral acceleration of the normalized Far-Field record set, መܵேோ், 
is scaled to match the spectral acceleration demand at the fundamental period, ܶ ൌ ܥ௨ ௔ܶ, of the 
building. 
As a first step for this study, the 44 ground motion records (22 pairs) were scaled to the 
maximum-considered earthquake (MCE) hazard level, which in ASCE 7-10 is defined as the 
risk-targeted MCE (MCER) corresponding to a 1% probability of collapse in 50 years. In 
accordance with ASCE 7-10, the design response spectrum (Figure 4.1) given by equations 1-6, 
1-7, 1-8 and 1-9 is defined as 2/3 of  the MCE response spectrum. 
 
Figure 4.1. Design response spectrum (ASCE 2010). 
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Figures 4.2, 4.3 and 4.4 show the MCE response spectrum corresponding to the seismic 
data of this study, along with the scaled spectra of the 44 ground motion records and the 
corresponding median for each building height. The MCE ground motion intensity, ܵெ், and the 
corresponding scaling factor for each building height are presented in Table 4.2. It is observed in 
the figures that the median spectral acceleration of the record set matches the acceleration of the 
MCE response spectrum at the respective period, ܶ ൌ ܥ௨ ௔ܶ,	of each building height.   
 
Table 4.2. Ground motion record scaling data 
Building 
Height 
Period 
MCE ground 
motion intensity  
Median Value of 
Normalized Record Set 
Scaling factor 
for MCE 
T = CuTa SMT ŜNRT SMT/ŜNRT 
(No. Stories) (sec) (g) (g)   
4 0.87 0.789 0.411 1.92 
9 1.54 0.446 0.219 2.03 
15 2.23 0.308 0.135 2.28 
 
 
Figure 4.2. MCE response spectra for 4-story building.  
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Figure 4.3. MCE response spectra for 9-story building.  
 
Figure 4.4. MCE response spectra for 15-story building. 
 
4.1.2 Collapse Capacity 
 
Incremental dynamic analysis (IDA) (Vamvatsikos and Cornell 2002) is a useful method 
to assess the seismic performance and determine the collapse capacity of a structure, and it is 
foundational to the FEMA P-695 Methodology.  However, it is not strictly required by the 
Methodology to develop full IDA curves. The median collapse intensity, መܵ஼், and collapse 
margin ratio, ܥܯܴ, for each prototype can be determined with fewer nonlinear dynamic analyses 
compared to those that would be necessary for developing full IDA curves. መܵ஼் can be obtained 
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)
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by scaling the Far-Field record set to the MCE intensity (ܵெ்) and then progressively increasing 
the intensity until half of the scaled ground motion records (i.e., 22) cause collapse. The median 
collapse intensity, መܵ஼், is then defined as the lowest intensity at which half of the records (i.e., 
22) cause collapse (FEMA 2009). Finally, the collapse margin ratio, ܥܯܴ, is defined by the 
following equation: 
ܥܯܴ ൌ መܵ஼்ܵெ் ሺ4 െ 1ሻ 
The procedure described above was followed for the nonlinear dynamic analyses of this 
study and to determine the median collapse intensity and collapse margin ratio for each 
prototype. The results of this process are presented in the following sections. 
  
4.2  RESPONSE SUMMARY TO FULL GROUND MOTION RECORD SET  
 
As an initial phase for this study, nonlinear dynamic analyses with the 22 pairs of ground 
motion records scaled to MCE level were performed for all prototypes. The results from these 
analyses are discussed below. The performance of each prototype is assessed and compared to 
the others, for each building height. Story drift is used as one of the main parameters to evaluate 
performance in view of its importance as an indicator of ductility demand. Furthermore, story 
drift concentration could lead to instability due to P-∆ effects and residual drift greater than 0.5% 
might cause the building to become unserviceable after an earthquake. The other parameters of 
evaluation are related to local demands at the BRBs. 
The maximum values of story drift, residual drift, BRB ductility (ߤ௠௔௫) and BRB 
cumulative plastic ductility (ߤ௖) observed for each ground motion were recorded (Appendix A) 
and the statistical median for the 44 ground motion records was calculated for each quantity. 
Results of this process are presented in Tables 4.3, 4.4 and 4.5, for the 4, 9 and 15-story 
prototypes, respectively. A summary of maximum story drift and residual drift for each 9-story 
prototype is provided in Figures 4.5, 4.6, 4.7 4.8, 4.9, 4.10, 4.11 and 4.12. In these figures, the 
story drift (y-axis) was limited to 5% since ground motions with story drift above this value 
correspond to collapse cases. Collapse cases were defined by the local BRB failure criterion 
described in Chapter 2 (ߤ௠௔௫ ൒ 30), and the global instability criterion, in which divergence 
occurs in the analysis due to large drifts. For some cases, convergence is achieved until the end 
of the record although ߤ௠௔௫ ൒ 30	for one or more of the BRBs; BRBs are not removed from the 
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model at this point, but the ductility capacity is considered to be exceeded.  For the rest of the 
cases, divergence occurs soon after one of the BRBs reaches this limit. As explained above, BRB 
failure due to low-cycle fatigue effects was directly modeled with Fatigue material, in which 
damage is accumulated using Miner’s Rule and the stress becomes zero once a damage level of 
1.0 is reached. BRB failure in this manner is one of the reasons for divergence during the 
analysis. It is worth nothing that if BRB failure due to exceedance of maximum ductility capacity 
(ߤ௠௔௫) was also directly modeled, global instability would likely have been observed earlier than 
what is presented in the results of this study. Collapse cases for the nonlinear analyses at the 
MCE level are summarized in Tables 4.6, 4.7 and 4.8, for each building height.            
 
Table 4.3. Nonlinear dynamic analysis response quantities for 4-story prototypes under MCE 
ground motions 
Prototype 
Designation 
Median 
Maximum Story Drift Residual Drift μmax μc 
(%) (%)     
BRBF4-A 2.17 0.62 13.4 86 
BRBF4-B 2.58 1.37 15.9 120 
BRBF4-1 2.50 1.24 15.9 108 
BRBF4-2 2.25 0.62 13.6 92 
BRBF4-3 2.32 0.66 13.7 93 
DS4 2.00 0.44 11.8 98 
DS4-P 2.17 0.65 13.0 130 
    
Table 4.4. Nonlinear dynamic analysis response quantities for 9-story prototypes under MCE 
ground motions 
Prototype 
Designation 
Median 
Maximum Story Drift Residual Drift μmax μc 
(%) (%)     
BRBF9-ELF 3.72 2.72 25.0 198 
BRBF9-A 1.87 0.45 10.6 88 
BRBF9-B 2.20 1.36 13.0 103 
BRBF9-1 2.06 1.08 11.9 110 
BRBF9-2 1.98 0.85 11.0 90 
BRBF9-3 2.01 0.68 10.6 93 
DS9 1.80 0.50 10.1 89 
DS9-P 2.22 0.54 13.1 115 
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Table 4.5. Nonlinear dynamic analysis response quantities for 15-story prototypes under MCE 
ground motions 
Prototype 
Designation 
Median 
Maximum Story Drift Residual Drift μmax μc 
(%) (%)     
BRBF15-A 1.94 0.53 9.9 68 
BRBF15-B 2.18 1.27 12.0 87 
BRBF15-1 2.05 0.91 10.7 79 
BRBF15-2 2.00 0.79 10.0 81 
BRBF15-3 1.88 0.69 9.7 68 
DS15 1.89 0.41 9.4 61 
DS15-P 2.01 0.42 10.9 100 
 
 
 
Figure 4.5. Maximum and residual story drift for BRBF9-ELF under MCE ground motions. 
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Figure 4.6. Maximum and residual story drift for BRBF9-A under MCE ground motions. 
 
 
Figure 4.7. Maximum and residual story drift for BRBF9-B under MCE ground motions. 
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Figure 4.8. Maximum and residual story drift for BRBF9-1 under MCE ground motions. 
 
 
 
Figure 4.9. Maximum and residual story drift for BRBF9-2 under MCE ground motions. 
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Figure 4.10. Maximum and residual story drift for BRBF9-3 under MCE ground motions. 
 
 
 
Figure 4.11. Maximum and residual story drift for DS9 under MCE ground motions. 
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Figure 4.12. Maximum and residual story drift for DS9-P under MCE ground motions. 
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Table 4.6. Collapse cases for 4-story prototypes 
Ground 
Motion 
Record 
Prototype Designation 
BRBF4- DS4 DS4-P A B 1 2 3 
1               
2               
3               
4               
5               
6               
7               
8               
9   1 1         
10  1 1 1 1    
11              
12               
13              
14               
15               
16               
17               
18               
19               
20               
21 1 1     
22               
23               
24               
25   1 1     
26               
27               
28             
29               
30   1           
31               
32               
33             
34             
35               
36               
37               
38               
39               
40               
41  1 1       
42               
43               
44               
Total 3 10 9 4 4 2 1 
  = Did not 
converge 
 = Converged, 
 μmax > 30    
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Table 4.7. Collapse cases for 9-story prototypes 
Ground 
Motion 
Prototype Designation 
BRBF9- DS9 DS9-P ELF A B 1 2 3 
1 1               
2 1               
3                 
4                 
5                 
6                
7 1               
8                
9 1   1 1 1 1     
10 1   1 1 1 1 1 1 
11     1 1         
12                 
13                 
14                 
15                
16                 
17    1 1         
18                
19                 
20    1 1         
21 1   1 1 1 1     
22                 
23                 
24 1               
25 1   1 1       
26 1               
27                 
28                 
29                 
30 1 1 1         
31                 
32                 
33    1         
34                
35                 
36                 
37     1 1         
38    1           
39    1           
40                 
41 1   1 1         
42     1 1        
43                
44                 
Total 20 2 15 12 7 3 1 2 
  = Did not 
converge  
 = Converged, 
 μmax > 30    
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Table 4.8. Collapse case for 15-story prototypes 
Ground 
Motion 
Prototype Designation 
BRBF15- DS15 DS15-P A B 1 2 3 
1               
2               
3               
4               
5               
6               
7               
8               
9   1 1        
10   1 1 1 1   1 
11               
12               
13               
14               
15               
16               
17   1 1 1      
18               
19               
20  1 1 1     
21 1 1 1 1   
22               
23               
24               
25              
26               
27               
28               
29               
30               
31               
32               
33               
34               
35               
36               
37               
38   1 1         
39   1           
40               
41   1 1        
42               
43               
44               
Total 2 8 8 6 4 0 3 
  = Did not 
converge 
 = Converged, 
 μmax > 30    
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Furthermore, median story drift profiles provide additional information about the 
behavior of each system and illustrate stories where demand tends to concentrate. The median 
maximum story drift profiles are shown in Figures 4.13, 4.14 and 4.15, and the median residual 
drift profiles are shown in Figures 4.16, 4.17 and 4.18, for the 4, 9 and 15-story prototypes, 
respectively. The allowable story drift from ASCE 7-10 (2%) and the estimated residual drift 
serviceability limit (0.5%) are included in the corresponding figures for reference. Finally, the 
median BRB cumulative plastic ductility demand (ߤ௖) per story was also calculated and the 
results are shown in Figures 4.19, 4.20 and 4.21.   
 
 
Figure 4.13. Median maximum story drift profile for 4-story prototypes under MCE ground 
motions.  
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Figure 4.14. Median maximum story drift profile for 9-story prototypes under MCE ground 
motions. 
 
 
 
Figure 4.15. Median maximum story drift profile for 15-story prototypes under MCE ground 
motions. 
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Figure 4.16. Median residual drift profile for 4-story prototypes under MCE ground motions. 
 
 
 
Figure 4.17. Median residual drift profile for 9-story prototypes under MCE ground motions. 
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Figure 4.18. Median residual drift profile for 15-story prototypes under MCE ground motions. 
 
 
 
Figure 4.19. Median cumulative plastic ductility per story for 4-story prototypes under MCE 
ground motions. 
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Figure 4.20. Median cumulative plastic ductility per story for 9-story prototypes under MCE 
ground motions. 
 
 
Figure 4.21. Median cumulative plastic ductility per story for 15-story prototypes under MCE 
ground motions. 
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4.2.1 Influence of code provisions for seismic stability 
 
Although already well-established, the significance of P-∆ effects for seismic response is 
reviewed here by evaluating the BRBF designs where the stability requirements of AISC 360-10 
were not considered (i.e., with B2 = 1) and comparing the performance when P-∆ effects are not 
included (prototype A, equilibrium formulated on the undeformed geometry) or included 
(prototype B, equilibrium formulated on the deformed geometry) in the analysis. Based on the 
median response quantities (Tables 4.3, 4.4 and 4.5), when P-∆ effects are considered in the 
analysis, the maximum story drift demands increase by 19%, 18% and 12% for the 4, 9 and 15-
story BRBFs, respectively. The median residual drift, in contrast, undergoes a dramatic increase 
by 121%, 202% and 140% of the median residual drift when P-∆ effects are not included in the 
analysis, for the three building heights, respectively. For none of the cases is the residual drift 
under the 0.5% threshold. The story drift profiles show a similar pattern where the increase is not 
very significant for median maximum story drift, but the increase is quite dramatic for median 
residual drift profiles. For the three building heights, the median residual drift profile is under 
0.5% for prototype A, but above this value for prototype B. BRB demands experience an 
increase of 19%, 23% and 21% for median ductility (ߤ௠௔௫) and an increase of 41%, 17%, and 
28% for median cumulative plastic ductility (ߤ௖), for the 4, 9 and 15-story BRBFs, respectively. 
Concentration of inelastic deformation is demonstrated by the story drift profiles shown in 
Figures 4.13, 4.14, 4.15, 4.16, 4.17 and 4.18 and the cumulative plastic ductility per story shown 
in Figures 4.19, 4.20 and 4.21; it is also observed that P-∆ effects significantly intensify this 
concentration. The impact of P-∆ effects on the number of collapse cases at the MCE level is 
greater than the impact on the median response quantities. Collapse cases increased: from 3 to 
10, for the 4-story BRBF; from 2 to 15, for the 9-story BRBF; and from 2 to 8, for the 15-story 
BRBF.     
The influence of code provisions for seismic stability for each BRBF height is 
demonstrated by prototype 1, for which the stability requirements of AISC 360-10 were included 
in design (i.e., B2 multiplier was used). For these cases, the median maximum story drift 
decreases by 3%, 6% and 6% for the 4, 9 and 15-story BRBFs, respectively, compared to the 
case where stability requirements were neglected (i.e., prototype B). The median residual drift 
undergoes a more significant reduction of 9%, 21% and 28% for the three building heights, 
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respectively, but still none of the cases is under the 0.5% threshold. The story drift profiles show 
a similar pattern of small reductions for median maximum story drift and much more significant 
reductions for median residual drift. Moreover, the median residual drift profile is under 0.5% 
for the 15-story BRBF only. This shows that a BRBF designed according to current code 
provisions may have complications when seeking to return it to service after an earthquake of 
this intensity. The difference between the median BRB demands (ߤ௠௔௫ and ߤ௖) of prototypes 1 
and B, for each building height is under 11% and does not follow a clear pattern. In a similar 
manner, concentration of inelastic deformation is not significantly reduced by the use of stability 
requirements, as shown in Figures 4.22, 4.23 and 4.24. Actually, the concentration is even 
increased in some cases, as demonstrated by the increased range of change of story drift between 
the first and fourth stories in BRBF9-1 (Figure 4.23), for example. Finally, the number of 
collapse cases: decreased from 10 to 9, for the 4-story BRBF, from 15 to 12, for the 9-story; and 
was maintained at 8, for the 15-story BRBF. Based on the observations above, the use of the 
stability requirements of AISC 360-10 slightly improved the dynamic performance of the BRBFs 
due to the increased strength of the primary system; however, dynamic instability cases were still 
observed and not significantly diminished. Furthermore, serviceability after an MCE is still a 
concern.     
 
Figure 4.22. Median maximum story drift profile for BRBF4-B and BRBF4-1 under MCE 
ground motions. 
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Figure 4.23. Median maximum story drift profile for BRBF9-B and BRBF9-1 under MCE 
ground motions. 
 
Figure 4.24. Median maximum story drift profile for BRBF15-B and BRBF15-1 under MCE 
ground motions. 
Regarding the influence of the analysis procedure selection during design, the use of 
MRSA (BRBF9-1) resulted in much lower deformation demands in the nonlinear response 
compared to the use of ELF (BRBF9-ELF) for the 9-story BRBF. The median maximum story 
drift and the median residual drift are reduced by 45% and 60%, respectively, when MRSA is 
used instead of ELF. Moreover, median ߤ௠௔௫ and median ߤ௖ for prototype BRBF9-1 are 52% 
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and 44%, respectively lower than those for prototype BRBF9-ELF. The median story drift 
profiles in Figures 4.25 and 4.26, and the cumulative plastic ductility per story in Figure 4.27 
show that this difference is located in the two upper stories and actually the median demands for 
the ELF design are lower for the rest of stories. This demonstrates that, for this building, the ELF 
procedure was unable to provide an accurate prediction of the vertical distribution of seismic 
forces, possibly due to the influence of higher modes. Finally, the number of collapse cases of 12 
for BRBF9-1 compared to 20 for BRBF9-ELF, supports this observation. However, 
distinguishing between the two cases of collapse defined in this study, BRBF9-1 presents 10 
cases of non-convergence and 2 cases of convergence with ߤ௠௔௫ ൒ 30, whereas BRBF9-ELF 
presents 11 and 9 cases, respectively. This distinction is important since in most of the collapse 
cases for BRBF9-ELF the limit for ߤ௠௔௫ is exceeded at the ninth story, which does not 
necessarily lead to global instability. It is also worth noting that there are several ground motions 
for which collapse is prevented for BRBF9-ELF but not for BRBF9-1, which can be attributed to 
the inherent difference in the dynamic properties of the two systems. Another important 
observation is that the increased base shear strength of BRBF9-ELF, that was confirmed by static 
pushover analyses and comes with additional steel tonnage, did not result in improved seismic 
performance. 
 
 
Figure 4.25. Median maximum story drift profile for BRBF9-ELF and BRBF9-1 (MRSA) under 
MCE ground motions.  
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Figure 4.26. Median residual story drift profile for BRBF9-ELF and BRBF9-1 (MRSA) under 
MCE ground motions. 
 
 
Figure 4.27. Median cumulative plastic ductility per story for BRBF9-ELF and BRBF9-1 
(MRSA) under MCE ground motions. 
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4.2.2 Influence of BRBF column orientation 
 
The use of strong-axis orientation for the BRBF columns (prototype 2) provides a 
considerable improvement in performance compared to the BRBF baseline design (prototype 1), 
which have weak-axis columns, for the three building heights. Compared to prototype 1, the 
median maximum story drift is reduced by 10%, 4%, and 2%, for the 4, 9 and 15-story BRBFs, 
respectively, and the median residual drift is reduced by 50%, 21% and 13%, respectively. When 
analyzing the medians on a per-story basis, however, there is not a clear pattern. The median 
maximum story drift profile, median residual drift profile and median cumulative plastic ductility 
per story of prototype 2 are compared to those of the BRBF baseline design (prototype 1) in 
Figures 4.28, 4.29, 4.30, 4.31, 4.32, 4.33, 4.34, 4.34 and 4.36, for each building height. For the 
first story in prototype 2, the median maximum drift, median residual drift and median 
cumulative plastic ductility are significantly reduced for the three building heights, while for 
most of the upper stories they are increased. Essentially, in prototype 2 the BRBF seems to be 
most affected by the strong-axis columns extending into the basement at this level, which then 
redistributes the inelastic demand to the upper stories. Similarly, no consistent trend is observed 
for changes in concentration of inelastic drift and reduction of median BRB demands is small. 
The benefit of using strong-axis orientation for BRBF columns becomes evident again when 
comparing the number of collapse cases at the MCE. Prototype 2 presents 4, 7, and 6 collapse 
cases for the 4, 9 and 15-story buildings, respectively, while prototype 1 results in 9, 12 and 8 
collapse cases, respectively. The advantage of orienting BRBF columns along the strong axis 
decreases with the building height, which is especially demonstrated by the median maximum 
and residual story drifts.   
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Figure 4.28. Median maximum story drift profile for BRBF4-1, BRBF4-2 and BRBF4-3 under 
MCE ground motions. 
 
Figure 4.29. Median maximum story drift profile for BRBF9-1, BRBF9-2 and BRBF9-3 under 
MCE ground motions. 
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Figure 4.30 Median maximum story drift profile for BRBF15-1, BRBF15-2 and BRBF15-3 
under MCE ground motions. 
 
 
Figure 4.31. Median residual story drift profile for BRBF4-1, BRBF4-2 and BRBF4-3 under 
MCE ground motions. 
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Figure 4.32. Median residual story drift profile for BRBF9-1, BRBF9-2 and BRBF9-3 under 
MCE ground motions. 
 
 
 
Figure 4.33. Median residual story drift profile for BRBF15-1, BRBF15-2 and BRBF15-3 under 
MCE ground motions. 
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Figure 4.34. Median cumulative plastic ductility per story for BRBF4-1, BRBF4-2 and BRBF15-
4 under MCE ground motions. 
 
 
 
 
Figure 4.35. Median cumulative plastic ductility per story for BRBF9-1, BRBF9-2 and BRBF9-3 
under MCE ground motions. 
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Figure 4.36. Median cumulative plastic ductility per story for BRBF15-1, BRBF15-2 and 
BRBF15-3 under MCE ground motions. 
 
 
4.2.3 Influence of gravity column continuity 
 
By modeling continuous gravity columns (prototype 3), a significant improvement is 
observed compared to the BRBF baseline design (prototype 1) for the three building heights. 
This improvement, however, is not always better than the improvement due to the use of strong-
axis BRBF columns, as it was observed in static pushover analyses. Furthermore, the behavior of 
these two improved systems (prototypes 2 and 3) is very similar. For prototype 3, the median 
maximum story drift is reduced by 7%, 2%, and 8%, for the 4, 9 and 15-story BRBFs, 
respectively, and the median residual drift is reduced by 47%, 37% and 24%, respectively, 
compared to those of prototype 1. As it was observed for prototype 2, the medians on a per-story 
basis do not show a clear pattern for this case either (Figures 4.28, 4.29, 4.30, 4.31, 4.32, 4.33, 
4.34, 4.35 and 4.36); higher or lower median maximum drift and median residual drift compared 
to those of prototype 1 were recorded depending on the story. Again, the only constant trend is a 
much reduced median maximum drift, median residual drift and median cumulative plastic 
ductility in story 1 of prototype 3 for the three building heights. Likewise, changes in 
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concentration of inelastic drift and reduction of median BRB demands are small. The number of 
collapse cases at the MCE for prototype 3 (4, 3, and 4 for the 4, 9 and 15-story buildings, 
respectively) as compared to those for prototype 1 (9, 12 and 8, respectively) provides an 
illustration of the benefit of considering continuous gravity column contribution to lateral 
resistance. Most importantly, inelastic drift concentration is moved out of the first story where P-
 effects are most critical.  
 
4.2.4 Influence of BRBF-SMRF dual systems 
 
As expected based on the previously-presented pushover analysis results, BRBF-SMRF 
dual systems showed the best performance under nonlinear dynamic analyses and ability to 
combat P-∆ effects compared to all other alternatives. The median maximum story drift and 
median residual drift profiles of the two dual system options are compared to those of the BRBF 
baseline design (prototype 1) in Figures 4.37, 4.38, 4.39, 4.40, 4.41 and 4.42, for each building 
height.  
The prototypes DS4, DS9 and DS 15 were developed using the standard ASCE7-10 dual 
system design approach, which requires that the primary system is proportioned for the design 
base shear V and the SMRF is proportioned for 0.25V.  The nonlinear response of these 
prototypes at the MCE is coincidentally similar to the demands for the corresponding BRBF 
designs in which P-∆ effects are neglected in the analysis and no amplification is used (i.e., 
prototype A for each height). The addition of the SMRF reduces: the median maximum story 
drift by 20%, 13% and 8%, for the 4, 9 and 15-story buildings, respectively; the median residual 
drift by 65%, 54%, and 55%, respectively; the median maximum BRB ductility demand by 26%, 
15% and 12%, respectively; and the median cumulative plastic ductility demand by 10%, 19% 
and 23%, respectively. Furthermore, the median residual drift for prototypes DS4, DS9 and 
DS15 is below the 0.5% threshold, which shows that for at least half of the ground motions 
records the ability of the building to be placed back in service after a major earthquake should 
not be a concern, at least with respect to the structural system. While the median story drift 
profile for prototypes DS4, DS9 and DS15 is more uniform compared to that of the 
corresponding isolated BRBFs, drift concentration is still observed and might be a concern for 
the formation of story mechanisms. The median story drift profiles for these prototypes show a 
characteristic pattern that has been observed before for dual systems. The interaction of a BRBF, 
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that develops global flexural lateral deformation (like a cantilever beam in pure flexure), with a 
SMRF, that develops global shear lateral deformation (like a cantilever beam in pure shear), 
results in a story drift profile where middle stories have larger drifts. This can be explained by 
the stiffening effect of the SMRF in the upper stories and of the BRBF in the lower stories. 
Lastly, the addition of the SMRF results in a significantly reduced number of collapse cases (2, 1 
and 0 for the 4, 9 and 15-story building, respectively) that is comparable to that of the 
corresponding prototype A (which is a fictitious reference case without P- effects).  
The Proposed BRBF-SMRF dual system (prototypes DS4-P, DS9-P and DS15-P), which 
is more of a balanced design where the BRBF and SMRF strengths are similar, produced mixed 
results. Compared to prototype 1, the median maximum story drift is reduced by 13% for the 4-
story building, is increased by 8% for the 9-story building, and is reduced by 2% for the 15-story 
building. The median residual drift is reduced by 48%, 50% and 54% for the 4, 9 and 15-story 
buildings, respectively, but is still over the 0.5% limit for the first two building heights. The 
median maximum story drift profile for these dual systems do not have a clear pattern and show 
an even higher drift concentration compared to those of the corresponding isolated BRBFs. The 
median residual drift profiles, however, do show the same characteristic pattern as the other type 
of dual systems with higher drifts in the middle stories; furthermore, they are all within the 0.5% 
threshold and are significantly reduced in comparison to those of the corresponding prototype 1 
for each story height. Compared to prototype 1, the median BRB ductility is reduced by 18% for 
the 4-story building, and is increased by 10% and 2% for the 9 and 15-story buildings, 
respectively. The median cumulative plastic ductility is increased by 21%, 5% and 26% for the 4, 
9 and 15-story buildings, respectively. Furthermore, Figures 4.19, 4.20 and 4.21 show that the 
median cumulative plastic ductility is also increased on a per-story basis (with exception of story 
1) and is considerably higher for the upper stories compared to all other prototypes. This is not 
necessarily a negative indicator since BRBs have large cumulative ductility capacity and it 
means they are being more extensively used to dissipate energy. Finally, the number of collapse 
cases for prototypes DS4-P, DS9-P, and DS15-P are still small (1, 2 and 3 for the 4, 9 and 15-
story buildings, respectively), but higher compared to those of the previous type of dual systems 
for the 9 and 15-story buildings. As demonstrated by the following discussion, the results from 
dynamic simulations at the MCE level do not provide a complete representation of the relative 
performance between the two types of dual system.      
112 
 
 
Figure 4.37. Median maximum story drift profile for BRBF4-1, DS4 and DS4-P. 
 
Figure 4.38. Median maximum story drift profile for BRBF9-1, DS9 and DS9-P. 
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Figure 4.39. Median maximum story drift profile for BRBF15-1, DS15 and DS15-P. 
 
 
Figure 4.40. Median residual drift profile for BRBF4-1, DS4 and DS4-P. 
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Figure 4.41. Median residual drift profile for BRBF9-1, DS9 and DS9-P. 
 
Figure 4.42. Median residual drift profile for BRBF15-1, DS15 and DS15-P. 
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4.3  SINGLE GROUND MOTION RECORD INVESTIGATIONS 
 
To gain a further understanding of the relative behavior of the different frame systems, 
the responses to a single ground motion record scaled to MCE intensity were investigated and 
compared. The 9-story building was selected to perform two investigations: one comparing all 
prototypes designed with MRSA and the other comparing BRBF9-1 (baseline MRSA design) 
with BRBF9-ELF (ELF design).  
For the first investigation, ground motion record 11 (GM11) was selected to highlight the 
influence of design choices and system parameters on seismic stability. GM11 caused collapse 
for the BRBF design where stability requirements from AISC 360-10 are incorrectly ignored 
(BRBF9-B) and for the baseline design (BRBF9-1), but all the other alternatives did not collapse. 
Therefore, the results from this ground motion are a useful example of how the behavior of each 
alternative contributes to dynamic stability / instability. Figure 4.43 shows the roof drift response 
for each prototype.  
 
Figure 4.43. Roof drift response of 9-story prototypes subjected to GM11 at MCE-intensity. 
 
Prototypes BRBF9-B and BRBF9-1 experience brace failure (ߤ௠௔௫ ൒ 30) in the right 
BRB of the fifth story at around t = 16 s. (t =  15.9 s. for BRBF9-B and t = 16.3 s. BRBF9-1), 
which is considered a non-simulated collapse. This means that BRB fracture was not modeled, so 
the system behavior as presented is optimistic in the sense that BRBs maintain their capacity 
even after exceeding what is viewed as the maximum deformation capacity. The deformed shape 
at this point for all the considered 9-story prototypes is shown in Figures 4.44 and 4.45, in which 
plastic hinge formation is also illustrated. At the verge of collapse, BRBF9-B exhibited the 
formation of a fifth-story mechanism that lead to global instability. The use of the stability 
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requirements from AISC 360-10 (i.e., B2  multiplier) did not improve the dynamic performance 
of the BRBF significantly; for BRBF9-1, the same fifth-story mechanism developed. 
Additionally, for these two prototypes, BRBs undergo large ductility demands with ߤ௠௔௫ ൒ 30. 
BRBF columns oriented along the strong-axis provided additional strength and stiffness to 
prevent the formation of plastic hinges and the subsequent story mechanism; in this manner, 
BRBF9-2 resisted the ground motion and distributed the inelasticity to one additional beam. 
Furthermore, gravity column continuity showed an even higher improvement for the 
performance of the system. BRBF9-3 not only withstood the ground motion, but also showed 
reduced inelastic demand in the BRBF by the formation of fewer plastic hinges in the beams 
compared to BRBF9-2. Once again, the use of BRBF-SMRF dual systems provided the greatest 
improvement for seismic performance. The addition of an SMRF to BRBF9-1 according to the 
minimum base shear requirement from ASCE 7-10 (0.25V) resulted in significantly reduced 
inelastic deformation demand for the BRBF, as demonstrated by DS9. This is explained by the 
additional energy dissipation capacity provided by the formation of plastic hinges in the SMRF 
beams. Finally, the use of the Proposed dual system design (DS9-P) produced similar results in 
terms of reduced inelasticity in the BRBF. Compared to DS9, this system appears to result in a 
more efficient use of the intended inelastic behavior of each system by primarily limiting the 
formation of plastic hinges in the BRBF to the BRBs only and forming a higher number of 
plastic hinges in the SMRF beams. Nevertheless, the formation of plastic hinges at the top and 
bottom of the eighth story SMRF columns might be a concern since it appeared to be initiating a 
story mechanism.        
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a) BRBF9-B b) BRBF9-1 c) BRBF9-2 d) BRBF9-3 
Figure 4.44. Deformed shape and plastic hinge formation of 9-story BRBF prototypes subjected 
to GM11 scaled to MCE intensity (t = 16s).  
 
  
a) DS9 b) DS9-P 
Figure 4.45. Deformed shape and plastic hinge formation of 9-story BRBF-SMRF dual system 
prototypes subjected to GM11 scaled to MCE intensity (t = 16s). 
 
Story drift profiles were also obtained to supplement the observations from this 
comparison. The story drift profiles for t = 16s are shown in Figure 4.46, a point where BRBF9-
B and BRBF9-1 have severe story drift concentrations but have not yet collapsed. Starting from 
BRBF9-1, maximum story drift was progressively lower for BRBF9-2, BRBF9-2 and DS9, in 
that order, and drift concentration reduced following the same pattern. For DS9-P, the maximum 
story drift was higher at most stories compared to all the other systems that resisted the ground 
motion, and the drift concentration was more pronounced. The residual drift profile is shown in 
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Figure 4.47 for the prototypes that resisted the ground motion. For BRBF9-2, residual drift was 
above 0.5% for three stories and its distribution corresponded to a quite irregular deformed 
shape. For the other three prototypes, residual drift was within the 0.5% threshold (with DS9-P 
being just at the limit), and DS9 showed the most uniform profile.            
 
 
Figure 4.46. Story drift profile for 9-story prototypes subjected to GM11 scaled to MCE intensity 
(t = 16s). 
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Figure 4.47. Residual story drift profile for 9-story prototypes subjected to GM11 scaled to MCE 
intensity.  
 
For the second investigation, ground motion 1 (GM1) was selected to provide an example 
of the typical dynamic instability that lead to the collapse of BRBF9-ELF. As shown by the roof 
drift response in Figure 4.48, GM1 caused collapse for BRBF9-ELF but not for BRBF9-1, like 
many other ground motions. For BRBF9-ELF, the right BRB of the ninth story reaches ߤ௠௔௫ ൌ
30 at around t = 10 s. Figure 4.49 shows the deformed shape at this point for the two prototypes 
along with the concurrent plastic hinge formation. At the point of collapse, the formation of a 
ninth-story mechanism is observed in BRBF9-ELF (recalling that pinned beam-to-column 
connections at the roof were used in the model). The ninth story in BRB9-1 had enough strength 
to prevent the formation of plastic hinges in the columns and the consequent story mechanism. 
Considering that the same column section is used at the ninth story for both prototypes, the 
improved performance of BRBF9-1 can be attributed to be larger size of the BRB but also to the 
better distribution of inelastic seismic demands that resulted from the use of MRSA during 
design. This is demonstrated by the reduced number of plastic hinges in the beams and the 
maximum story drift profiles shown in Figure 4.50.  Once again, it is evidenced that the ELF 
procedure, which is based on a first-mode design force profile, does not lead to appropriate 
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relative vertical distribution strength when the building seismic response involves multiple 
modes.  
 
Figure 4.48. Roof drift response of BRBF9-ELF and BRBF9-1 (MRSA) subjected to GM1 at 
MCE-intensity. 
 
  
a) BRBF9-ELF b) BRBF9-1 
Figure 4.49. Deformed shape and plastic hinge formation of BRBF9-ELF and BRBF9-1 (MRSA) 
subjected to GM1 scaled to MCE intensity (t = 10s).  
0 5 10 15 20 25 30 35 40
Time [sec]
-2
-1
0
1
2
BRBF9-1 (MRSA)
BRBF9-ELF
121 
 
 
Figure 4.50. Story drift profile for BRBF9-ELF and BRBF9-1 (MRSA) subjected to GM1 scaled 
to MCE intensity (t = 10s). 
 
4.4  COLLAPSE CAPACITY RESULTS 
 
After scaling the 44 ground motion records to MCE intensity (ܵெ்), progressively 
increasing factors were used to multiply this intensity and perform nonlinear dynamic analyses. 
The median collapse intensity, መܵ஼், for each prototype was determined by finding the intensity at 
which 22 of the records (i.e., one-half) caused collapse. Results for መܵ஼் and the corresponding 
collapse margin ratio, ܥܯܴ, are presented in Tables 4.9, 4.10 and 4.11. Prototype A is not 
included in this process due the fictitious assumptions on which it is was analyzed earlier (no 
destabilizing effects of gravity). 
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Table 4.9. Collapse capacity results for 4-story prototypes 
Prototype 
Designation 
MCE ground 
motion intensity  
Median collapse 
intensity 
Collapse 
margin ratio 
SMT ŜCT CMR 
(g) (g) 
BRBF4-B 0.79 0.96 1.22 
BRBF4-1 0.79 1.00 1.27 
BRBF4-2 0.79 1.22 1.54 
BRBF4-3 0.79 1.25 1.58 
DS4 0.79 1.42 1.80 
DS4-P 0.79 1.50 1.90 
 
 
Table 4.10. Collapse capacity results for 9-story prototypes 
Prototype 
Designation 
MCE ground 
motion intensity  
Median collapse 
intensity 
Collapse 
margin ratio 
SMT ŜCT CMR 
(g) (g) 
BRBF9-ELF 0.45 0.49 1.10 
BRBF9-B 0.45 0.56 1.25 
BRBF9-1 0.45 0.60 1.35 
BRBF9-2 0.45 0.65 1.45 
BRBF9-3 0.45 0.74 1.65 
DS9 0.45 0.86 1.94 
DS9-P 0.45 0.89 2.00 
 
 
Table 4.11. Collapse capacity results for 15-story prototypes 
Prototype 
Designation 
MCE ground 
motion intensity  
Median collapse 
intensity 
Collapse 
margin ratio 
SMT ŜCT CMR 
(g) (g) 
BRBF15-B 0.31 0.42 1.38 
BRBF15-1 0.31 0.46 1.49 
BRBF15-2 0.31 0.52 1.70 
BRBF15-3 0.31 0.56 1.83 
DS15 0.31 0.70 2.27 
DS15-P 0.31 0.68 2.20 
 
123 
 
 
The results for መܵ஼் and ܥܯܴ show nearly the same trends that were observed from the 
dynamic analyses performed with the ground motion record set scaled to MCE intensity. 
Although ܥܯܴ needs to be adjusted during in the next stage of the FEMA P-695 performance 
evaluation process, it is worth comparing the collapse capacity of the different prototypes. By 
using the stability requirements of AISC 360-10 (prototype 1) the collapse capacity of the 
BRBFs increased only by a small by amount: 4%, 8% and 8% for each building height, 
respectively. By orienting BRBF columns along the strong axis (prototype 2 for each height) the 
collapse capacity of the corresponding baseline design (prototype 1 for each height) increased by 
21%, 7% and 14% for each building height, respectively. Likewise, when continuous gravity 
columns are provided (prototype 3 for each height) the collapse capacity of the corresponding 
baseline design (prototype 1 for each height) increased by 24%, 22% and 23% for each building 
height, respectively. Finally, by using BRBF-SMRF dual systems the collapse capacity of the 
buildings increased by the largest amount compared to all other alternatives. The addition of an 
SMRF to prototype 1 according to the minimum base shear requirement from ASCE 7-10 
increased its collapse capacity by 42%, 44% and 52% for each building height, respectively. The 
Proposed BRBF-SMRF dual system designs, DS4-P, DS9-P and DS15-P, showed a collapse 
capacity that is 50%, 48% and 48% respectively higher compared to the corresponding prototype 
1. This shows that the Proposed design produced better results than the design according to the 
minimum base shear requirement from ASCE 7-10 for at least two of the building heights. On a 
separate comparison, the analysis procedure selection had an important effect on the collapse 
capacity of the 9-story BRBF; by using ELF (BRBF9-ELF) instead of MRSA (BRBF9-1), the 
collapse capacity decreased by 19%.   
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CHAPTER 5  
PERFORMANCE EVALUATION 
 
 
5.1  INTRODUCTION 
 
Results from nonlinear static and dynamic analyses were used for the collapse 
performance evaluation of each prototype in accordance to FEMA P-695 Methodology. The 
performance evaluation process is based on the development of collapse fragility curves, which 
are a lognormal cumulative distribution functions (CDF) that relate the ground motion intensity 
to the probability of collapse (Ibarra et al. 2002), as shown in the example of Figure 5.1.  
 
Figure 5.1. Collapse fragility curve example (FEMA 2009). 
 
 The collapse fragility is defined by two parameters: the median collapse intensity, መܵ஼், 
defined before; and the standard deviation of the natural logarithm, ߚோ்ோ, which is the slope of 
the curve and measures the dispersion of results due to record-to-record variability. In the 
Methodology, ߚோ்ோ is fixed to 0.4 for systems with ߤ் ൒ 3, but other sources of uncertainty are 
included to calculate the final slope of the curve, ߚ்ை், or total system uncertainty. Furthermore, 
an additional adjustment is made to obtain the final fragility curve by using the adjusted collapse 
margin ratio, ܣܥܯܴ, that accounts for spectral shape effects. More details about the calculation 
of these variables are provided in the following sections. Finally, the probability of collapse is 
used as the criterion to evaluate the performance of a building. As suggested by the 
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Methodology, a probability of collapse less than or equal to 10% for the MCE ground motion 
intensity is considered acceptable.   
Based on collapse fragility curves constructed according to the parameters described 
above, the FEMA P-695 Methodology also provides a table of acceptable values of adjusted 
collapse margin ratio depending on the total system uncertainty, ߚ்ை்,  and established values of 
acceptable probabilities of collapse. This useful tool allows for evaluating the collapse 
performance of a building without requiring the examination a collapse fragility curve. For this 
study, collapse fragility curves were developed for all prototypes, yet the tabulated acceptable 
values of adjusted collapse margin ratio were also used to demonstrate the process.  
 
5.2  ADJUSTED COLLAPSE MARGIN RATIO 
 
The frequency content, or spectral shape, of the ground motion record set can affect the 
collapse capacity significantly. To account for the spectral shape effects, an adjusted collapse 
margin ratio is obtained in accordance with the following equation: 
ܣܥܯܴ ൌ ܵܵܨ	 ൈ ܥܯܴ ሺ5 െ 1ሻ   
where ܥܯܴ is the collapse margin ratio calculated before and ܵܵܨ is the spectral shape factor. 
The spectral shape factor, ܵܵܨ, is a function of the fundamental period, ܶ, the period-based 
ductility, ߤ், and depends on the Seismic Design Category. Simplified spectral shape factors for 
the Far-Field record set were developed by FEMA P-695 Methodology and are provided in 
tables. For this study, Seismic Design Category D applies for all prototypes and the 
corresponding spectral shape factors from the Methodology are shown in Figure 5.2. Linear 
interpolation was used for the specific values of ܶ and ߤ்	of each prototype.   
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Figure 5.2. Spectral Shape Factors (SSF) for SDC D (FEMA 2009).  
 
5.3  TOTAL SYSTEM COLLAPSE UNCERTAINTY  
 
FEMA P-695 Methodology defines four sources of uncertainty that are considered in the 
collapse evaluation process and its corresponding variables are: record-to-record collapse 
uncertainty,	ߚோ்ோ, design requirements-related uncertainty, ߚ஽ோ, test data-related collapse 
uncertainty, ߚ்஽, and modeling-related collapse uncertainty, ߚெ஽௅. Details about the calculation 
of each variable are provided in the following sections. After being calculated, these variables 
are combined to obtain the total system collapse uncertainty, ߚ்ை், according to equation 5-2.   
      
5.3.1 Record-to-record collapse uncertainty 
 
The record-to-record collapse uncertainty,	ߚோ்ோ, is related with the variability in the 
response of the prototypes to different ground motions. The Methodology establishes a fixed 
value of ߚோ்ோ ൌ 0.4 for systems with period based-ductility	ߤ் ൒ 3, which applies for all the 
prototypes of this study.  
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5.3.2 Design requirements – related collapse uncertainty 
 
The quality of the design requirements is rated between (A) Superior and (D) Poor 
according to the matrix shown in Figure 5.3 and corresponding values of uncertainty ߚ஽ோ are 
assigned for each rating. Considering the case of BRBFs, a rating of Medium was assigned to the 
Completeness and Robustness in view of possible failure modes in the connections that are not 
extensively addressed by the design requirements; and a rating of High was assigned for the 
Confidence in Basis of the design requirements. This results in a quality rating of (B) good for 
the design requirements for BRBFs and a corresponding value of ߚ஽ோ ൌ 0.20. 
 
 
Figure 5.3. Table for Quality Rating of Design Requirements (FEMA 2009). 
 
5.3.3 Test data-related collapse uncertainty 
 
The quality of the test data is also rated between (A) Superior and (D) Poor according to 
the matrix shown in Figure 5.4 and corresponding values of uncertainty ߚ்஽ are assigned for 
each rating. Data from a considerable number of testing programs on BRBFs is available but 
there are important limitations that reduce the confidence in analytical modeling and failure 
criteria (NIST 2010). Thus, a rating of High was assigned for Completeness and Robustness, and 
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a rating of Medium was assigned for Confidence in Test Results, producing a quality rating of 
(B) Good for the test data and a corresponding value of ߚ்஽ ൌ 0.20.      
 
 
Figure 5.4. Table for Quality Rating of Test Data (FEMA 2009). 
  
5.3.4 Modeling-related collapse uncertainty 
 
Like the previous two sources of uncertainty, the prototype models are also rated between 
(A) Superior and (D) Poor according to the matrix shown in Figure 5.5 and corresponding values 
of uncertainty ߚெ஽௅ are assigned for each rating. FEMA P-695 establishes a rating of High for 
the Representation of Collapse Characteristics when evaluating individual buildings because the 
building configuration is a known characteristic. A rating of Medium was assigned for Accuracy 
and Robustness of Models, considering that the modeling approach used for this study has some 
limitations due to several failure modes that were not directly modeled. This combination results 
in a quality rating of (B) Good for the analytical models and a corresponding value of ߚெ஽௅ ൌ
0.20.         
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Figure 5.5. Table for Quality Rating of Prototype Models (FEMA 2009). 
 
5.3.5 Resulting total system collapse uncertainty 
 
The values for each source of uncertainty are used to compute the total system collapse 
uncertainty, ߚ்ை், which is given by: 
ߚ்ை் ൌ ටߚோ்ோଶ ൅ ߚ஽ோଶ ൅ ߚ்஽ଶ൅	ߚெ஽௅ଶ ሺ5 െ 2ሻ 
For this study, using the above determined values for each source of uncertainty, a total 
system collapse uncertainty of ߚ்ை் ൌ 0.529 was obtained and used for all prototypes. 
 
 
5.4  ACCEPTABLE VALUES OF ADJUSTED COLLAPSE MARGIN RATIO 
 
As explained above, FEMA P-695 provides a table with values of acceptable collapse 
margin ratios that are used in the collapse evaluation process as an alternative to the examination 
of collapse fragility curves. The table is partially shown in Figure 5.6 and provides values 
depending on the total system uncertainty, ߚ்ை்,  and established values of acceptable 
probabilities of collapse. For this study, the acceptable probability of collapse is 10%, as 
recommended by FEMA P-695, and interpolation was used for ߚ்ை் ൌ 0.529 to obtain an 
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acceptable collapse margin ratio: ܣܥܯܴଵ଴% ൌ 1.97. Performance is considered acceptable if 
ܣܥܯܴ ൒ ܣܥܯܴଵ଴%. 
 
 
Figure 5.6. Table of Acceptable Values of Adjusted Collapse Margin Ratio (Adapted from 
FEMA 2009).  
       
5.5  PERFORMANCE EVALUATION RESULTS 
 
A summary of the results from the collapse performance evaluation process is presented 
in Tables 5.1, 5.2 and 5.3 for the 4, 9 and 15-story prototypes, respectively. The tables present 
important quantities from previous static analyses (overstrength, Ω,	and period-based ductility, 
ߤ்) and dynamic analyses (collapse margin ratio, ܥܯܴ) along with the spectral shape factor, 
ܵܵܨ, and the adjusted collapse margin ratio, ܣܥܯܴ, computed during this last stage of the 
evaluation process. For the acceptance check, each prototype is shown to pass or fail, based on 
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whether or not ܣܥܯܴ is equal or greater than the acceptable collapse margin ratio. An 
equivalent acceptance check can be performed using the collapse fragility curve for each 
prototype shown in Figures 5.7, 5.8 and 5.9 by verifying that the collapse probability at the MCE 
intensity is less than or equal to 10%. In these figures the ground motion intensity on the x-axis 
is presented as a Scale Factor that corresponds to the ratio of the spectral acceleration of the 
scaled record set, ்ܵ, to the corresponding MCE intensity, ܵெ், at the specified period. The plots 
include the probability of collapse (POC) at MCE (i.e., at SF = 1) and the adjusted collapse 
margin ratio (ܣܥܯܴሻ, which is indicates the intensity at a POC = 0.5. Finally, Figures 5.10, 5.11 
and 5.12 provide a comparison among the collapse fragility curves of the different prototypes for 
the 4, 9 and 15-story building, respectively. Collapse performance results confirmed most of the 
previously observed trends and further discussion is provided below. It is worth noting that the 
general trend indicates that the collapse margin ratios increased with the height of the building; 
and within each height, they are progressively higher for each prototype in the following order: 
prototype B, prototype 1, prototype 2, prototype 3 and dual systems.  
 
Table 5.1. Summary of collapse performance evaluations of 4-story prototypes 
Prototype 
Designation 
Computed Overstrength and Collapse 
Margin Parameters Acceptance Check 
Static 
Ω CMR μT SSF ACMR 
Accep. 
ACMR Pass/Fail 
BRBF4-B 1.68 1.22 6.95 1.48 1.80 1.97 Fail 
BRBF4-1 1.76 1.27 6.89 1.48 1.87 1.97 Fail 
BRBF4-2 1.99 1.54 10.65 1.52 2.34 1.97 Pass 
BRBF4-3 2.01 1.58 10.71 1.52 2.40 1.97 Pass 
DS4 2.66 1.80 9.42 1.49 2.68 1.97 Pass 
DS4-P 2.81 1.90 9.56 1.52 2.89 1.97 Pass 
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Table 5.2. Summary of collapse performance evaluations of 9-story prototypes 
Prototype 
Designation 
Computed Overstrength and 
Collapse Margin Parameters Acceptance Check 
Static 
Ω CMR μT SSF ACMR 
Accep. 
ACMR Pass/Fail 
BRBF9-ELF 1.88 1.10 6.17 1.52 1.67 1.97 Fail 
BRBF9-B 1.33 1.25 5.08 1.46 1.82 1.97 Fail 
BRBF9-1 1.53 1.35 4.84 1.45 1.95 1.97 Fail 
BRBF9-2 1.58 1.45 6.59 1.54 2.23 1.97 Pass 
BRBF9-3 1.63 1.65 7.73 1.60 2.63 1.97 Pass 
DS9 2.30 1.94 6.64 1.54 2.99 1.97 Pass 
DS9-P 2.31 2.00 7.10 1.57 3.13 1.97 Pass 
 
 
Table 5.3. Summary of collapse performance evaluations of 15-story prototypes 
Prototype 
Designation 
Computed Overstrength and 
Collapse Margin Parameters Acceptance Check 
Static 
Ω CMR μT SSF ACMR 
Accep. 
ACMR Pass/Fail 
BRBF15-B 1.24 1.38 3.90 1.39 1.92 1.97 Fail 
BRBF15-1 1.51 1.49 3.95 1.40 2.08 1.97 Pass 
BRBF15-2 1.55 1.70 4.71 1.44 2.45 1.97 Pass 
BRBF15-3 1.56 1.83 5.10 1.46 2.67 1.97 Pass 
DS15 2.19 2.27 5.09 1.46 3.31 1.97 Pass 
DS15-P 1.99 2.20 5.13 1.46 3.22 1.97 Pass 
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Figure 5.7. Collapse fragility curves for 4-story prototypes. 
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Figure 5.8. Collapse fragility curves for 9-story prototypes. 
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Figure 5.9. Collapse fragility curves for 15-story prototypes. 
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Figure 5.10. Comparative plot of collapse fragility curves for 4-story prototypes.  
 
 
Figure 5.11. Comparative plot of collapse fragility curves for 9-story prototypes. 
C
ol
la
ps
e 
Pr
op
ab
ili
ty
C
ol
la
ps
e 
Pr
op
ab
ili
ty
137 
 
 
Figure 5.12. Comparative plot of collapse fragility curves for 15-story prototypes. 
 
5.5.1 Influence of code provisions for seismic stability 
 
As a benchmark, prototype B was designed without consideration of P-∆ effects, which is 
noncompliant with AISC 360-10. These prototypes failed to satisfy the acceptance check with 
probabilities of collapse at MCE intensity (POCMCE) of 13%, 13% and 14% for the 4, 9 and 15-
story buildings, respectively. The use of stability requirements from AISC 360-10 did not 
significantly improve the collapse performance. BRBF4-1, with POCMCE = 12%, and BRBF9-1, 
with POCMCE slightly higher than 10%, still did not satisfy the acceptance check; only BRBF15-
1, with POCMCE = 8%, was considered acceptable.  
Regarding the separate investigation to assess the influence of the analysis procedure 
selection, the ELF procedure resulted in a BRBF design with inferior collapse performance 
compared to MRSA. While BRBF9-1 (designed using MRSA) was close to satisfy the 
acceptance check, BRBF9-ELF significantly exceeds the criteria with a 17% collapse probability 
at MCE. Comparison between the collapse fragility for the two designs is provided in Figure 
5.13.   
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Figure 5.13. Comparative plot of collapse fragility curves for BRRBF9-ELF and BRBF9-1 
(MRSA). 
 
5.5.2 Influence of BRBF column orientation 
 
By changing the weak-axis oriented BRBF columns (in prototype 1 for each height) to 
strong-axis oriented BRBF columns (in prototype 2 for each height), the collapse performance of 
the system improved significantly. For the three building heights, Prototype 2 satisfied the 
acceptance check, with probabilities of collapse at MCE of 5.4%, 6.5% and 4.5% for the 4, 9 and 
15-story buildings, respectively. Furthermore, these collapse probabilities were reduced by 55%, 
37% and 54%, respectively, compared to those of the corresponding prototype 1 for each height.   
 
5.5.3 Influence of gravity column continuity 
 
By providing continuous gravity columns (prototype 3 for each height), the collapse 
performance of the baseline BRBF design (prototype 1 for each height) also improves 
considerably. As expected from previous stages in the evaluation process, this improvement is 
superior compared to the improvement achieved from the use of strong-axis orientation for 
BRBF columns. Beyond satisfying the acceptance check, BRBF4-3, BRBF9-3 and BRBF15-3 
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showed collapse probabilities at MCE of 4.9%, 3.5% and 3.2%, respectively. Compared to the 
collapse probabilities at MCE for the respective prototype 1, these correspond to a reduction of 
59%, 66% and 61%.  
 
5.5.4 Influence of BRBF-SMRF dual systems 
 
The superior performance of BRBF-SMRF dual systems compared to all other 
alternatives has been demonstrated in previous stages of the evaluation process and was 
confirmed by the collapse fragility results. These systems not only satisfied the acceptance check 
but also showed considerably lower values of POCMCE. Regarding the relative performance 
between the two BRBF-SMRF dual system design approaches, the Proposed design provided 
better collapse performance for at least two of the building heights: POCMCE = 3.1% for DS4, 
compared to POCMCE = 2.2% for DS4-P; POCMCE = 1.9% for DS9, compared to POCMCE = 1.6% 
for DS9-P: and POCMCE = 1.2% for DS15, compared to POCMCE = 1.4% for DS15-P. The dual 
systems show probabilities of collapse between 74% and 86% lower compared to those of the 
respective prototype 1 for each height.   
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CHAPTER 6  
CONCLUSIONS 
 
6.1  RESEARCH SUMMARY  
 
Ensuring seismic stability is a critical concern in the design of multistory structures. 
Dynamic instability due to nonlinear structural response and P-∆ effects is a complex 
phenomenon that has been investigated in the past through a significant number of numerical and 
experimental simulations. Although these research efforts have expanded the knowledge about 
the topic, they have not resulted in straightforward methods that can be incorporated in seismic 
building codes. Current design provisions for global stability use simplistic methods that are 
based on elastic stability; therefore, inelastic seismic stability is not rigorously addressed. 
Furthermore, the specific inelastic response characteristics of the system are not considered in 
the design process. While the concern about the capability of current provisions to properly 
address P-∆ effects involve all types of seismic force resisting systems, the focus of this thesis 
was on BRBFs. Despite the favorable seismic performance that this system has exhibited in 
previous studies, BRBFs also have vulnerability to dynamic instability. The tendency of 
multistory structures to develop story drift concentration is closely related to dynamic instability 
issues due to the potential formation of story mechanisms that lead to collapse. For the case of 
BRBFs, this tendency is explained by the modest overstrength and relatively low post-yielding 
stiffness of the system, which can also lead to problematic residual drifts (Sabelli 2001, 
Fahnestock et al. 2006). Moreover, the collapse capacity of BRBFs can be comparable or even 
lower than that of typical CBFs (Tremblay and Poncet 2004).  
In addition to the use of code provisions for P-∆ effects, a number of alternatives that 
improve the seismic stability of BRBFs have been investigated. These alternatives follow the 
same underlying approach of providing secondary stiffness to the system, which allows stability 
to be maintained until large levels of drift. Moreover, story drift concentration and residual drifts 
are reduced by this auxiliary stiffness. While the negative impact of P-∆ effects on seismic 
stability has been identified and the improvement offered by alternatives that go beyond code 
provisions is evident, there has been limited investigation that quantifies the phenomena and 
provides a measurable comparison among the performance of the different approaches to address 
P-∆ effects.    
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To accomplish the objective of this research, the FEMA P-695 Methodology was used to 
evaluate the impact of P-∆ effects on the collapse performance of BRBFs and quantify the 
improvement that is achieved with the use of current U.S. design provisions for global stability 
as compared to the improvement that is obtained with the use of additional alternatives. 
According to the Methodology, the collapse performance evaluation process included nonlinear 
static and dynamic analyses that were used to determine the collapse fragility of each prototype 
considered in this study (a more detailed summary of this process is provided below). Additional 
investigation was performed with the results of each type of analysis to expand the knowledge 
about the behavior of the different prototypes. Beyond code-based stability provisions, three 
alternatives of improvement were considered: strong-axis orientation for BRBF columns, gravity 
column continuity, and BRBF-SMRF dual systems. Moreover, two design approaches were 
studied for the BRBF-SMRF dual systems. Prototypes that provide a basis for the assessment of 
the different variables considered in this study were developed for three building heights (4, 9 
and 15 stories) and later compared. A separate study to assess the influence of the analysis 
procedure used during design was also conducted by comparing the equivalent lateral force 
(ELF) procedure with modal response spectrum analysis (MRSA).  
 
6.1.1 Summary of performance evaluation process 
 
After selecting appropriate prototype designs and numerical modeling approaches, 
nonlinear analyses were conducted. Nonlinear static (pushover) analyses served as a first phase 
to assess important properties of the structural system, such as base shear capacity, ultimate 
ductility, and post-yielding stiffness. These analyses also provided limited but useful knowledge 
about the inelastic behavior of each prototype. Nonlinear dynamic (response history) analyses 
performed with the FEMA P-695 Far-Field ground motion record set scaled to MCE intensity 
expanded this knowledge to seismic response characteristics. Statistical quantities like median 
story drift, residual drift, BRB maximum ductility and cumulative plastic ductility were 
evaluated and compared during this phase. Furthermore, investigations about the response to 
single ground motion records provided an improved understanding of the relative behavior 
among the different prototypes. Finally, dynamic simulations scaled to progressively higher 
intensities were conducted to determine the collapse capacities, which were demonstrated by the 
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median collapse intensity and the collapse margin ratio. During the last phase of the process, the 
collapse performance evaluation was conducted for each prototype and the results were 
summarized through an adjusted collapse margin ratio and a corresponding collapse fragility 
curve that were the basis for the final acceptance check.  
 
6.2  CONCLUSIONS 
 
As described above, the performance of the different prototypes was assessed in three 
main stages: nonlinear static analyses, nonlinear dynamic analyses and collapse performance 
evaluation. Rather than presenting detailed conclusions from each stage, which were provided 
within each previous chapter, this section summarize major conclusions about the fundamental 
variables that were established in the research objectives. Therefore, conclusions about the 
influence that code provisions (including seismic stability and analysis procedure selection), 
BRBF column orientation, gravity column continuity, and BRBF-SMRF dual systems have on 
seismic stability are presented in the subsequent discussion. 
As an initial step, the well-known significance of P-∆ effects was demonstrated through 
two prototype BRBFs in which no amplification for global stability was used in the design 
process, but two scenarios were considered in the analysis: one fictitious case where P-∆ effects 
were not considered (prototype A) and another where P-∆ effects were considered (prototype B).  
The well-established negative impact of P-∆ on the seismic stability of BRBFs was demonstrated 
by the poor performance of prototype B compared to prototype A. This was initially revealed by 
pushover analyses, with reduced overstrength, ductility and secondary stiffness, and later by 
nonlinear dynamic analyses, with higher median response quantities and increased number of 
collapse cases.  
 
6.2.1 Influence of code provisions for seismic stability 
 
The influence of code provisions is assessed by using a baseline BRBF design in which 
amplification for global stability was accomplished through the B2 multiplier (prototype 1). 
Finally, the influence of the analysis procedure selection is evaluated by comparing BRBF-ELF 
(designed with ELF) and BRBF9-1 (designed with MRSA). The following conclusions were 
obtained. 
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 A BRBF design in which the global stability requirements from AISC 360-10 are incorrectly 
ignored (i.e., B2 = 1 is used) is unlikely to show an acceptable collapse performance, as 
shown by prototype B for the three building heights considered in this study.  
 The use of current code provisions for global stability through the B2 multiplier does not 
improve the seismic stability of a BRBF significantly. This was demonstrated by the small 
improvement achieved by prototype 1 with respect to prototype B for the three building 
heights in regard to the results from all stages of the performance evaluation process. Since 
the only change was an increased strength based on elastic stability considerations, the 
nonlinear behavior of these two prototypes was essentially the same. Ultimately, the collapse 
capacity ሺܣܥܯܴ) is increased by less than 10%. 
 The collapse performance of BRBF designs that included the global stability requirements 
from AISC 360-10 by the use of the B2 multiplier was still considered unacceptable for two 
out of the three building heights investigated in this study. While this shows a low probability 
for this type of design to satisfy the acceptance criteria, a higher number of prototypes should 
be studied before drawing conclusions about this particular aspect.  
 Although it was small, the improvement obtained with the use of current code provisions for 
stability increased with the height of the building.    
 Results from dynamic analyses show that residual drift is likely to be problematic for BRBFs 
after an MCE-level event, whether or not global stability requirements are used in design.  
 Use of the Equivalent Lateral Force (ELF) procedure resulted in a 9-story BRBF design with 
inferior seismic stability performance compared to the respective design obtained from 
modal response spectrum analysis (MRSA). The collapse capacity ሺܣܥܯܴ) of BRBF9-ELF 
is nearly 50% the collapse capacity of BRBF9-1. This confirmed the concerns about the 
capability of ELF to adequately predict the vertical distribution of seismic demands, and 
showed that increased strength, besides being more costly, does not necessarily translates 
into improved dynamic performance. Moreover, nonlinear static (pushover) analysis does not 
allow an accurate prediction of the relative seismic performance for these cases.     
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6.2.2 Influence of BRBF column orientation 
 
Weak-axis orientation in the BRBF columns was one of the characteristics of the baseline 
BRBF design (prototype 1) for each building height; therefore, strong-axis orientation in the 
BRBF columns was identified as a potential improvement and it was evaluated with prototype 2 
for each building height. Conclusions about this evaluation are presented below.  
  When, in addition to the use of global stability requirements, BRBF columns are oriented 
along the strong axis, significant improvement is achieved in terms of seismic stability. The 
collapse capacity ሺܣܥܯܴ) of the BRBFs was increased between 14% and 25% with this 
simple change, presenting a higher level of performance that satisfies the acceptance criteria. 
 Residual drifts at MCE intensity were considerably reduced with the use of strong-axis 
orientation for the BRBF columns (by between 13% and 50%, based on median values); 
however, the resulting values are still likely to be problematic by being above the 0.5% 
threshold that is commonly used for evaluating acceptable residual story drift. 
 The initial stiffness and early post-yielding stiffness of the system are nearly the same 
whether strong-axis or weak-axis orientation is used for BRBF columns; therefore, the 
improvement achieved with the use of strong-axis orientation is related to the increased 
flexural capacity of the BRBF columns that helps prevent the formation of plastic hinges and 
the subsequent story mechanisms. Furthermore, the benefit of strong-axis columns is 
primarily seen in the first story since the column are continuous down into the basement, 
resulting in partial column fixity at the ground level.  This condition prevents story drift 
concentration in the most critical first story and redistributes inelastic demand away from the 
first story and into upper stories, where P-∆ effects are smaller.        
 
6.2.3 Influence of gravity column continuity 
 
Previous research has demonstrated that gravity column continuity improves the seismic 
performance of braced frames. A prototype that included continuous gravity columns, in addition 
to the use of global stability requirements (prototype 3 for each height), was studied to assess this 
improvement and determine how it compares to other alternatives. 
 The supplemental use of continuous gravity columns also provides a substantial 
improvement on the seismic stability of BRBFs. The collapse capacity ሺܣܥܯܴ) of the 
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BRBFs was increased between 28% and 35% with this addition and the higher levels of 
performance satisfied the acceptance criteria. 
 Residual drifts at MCE intensity were also significantly reduced with the use of continuous 
gravity columns (by between 24% and 47%, based on median values); nevertheless, since 
they were above the 0.5% threshold, the resulting values are still likely to be problematic. 
 Results from all stages of the performance evaluation process showed that the improvement 
achieved by the use of continuous gravity columns was higher compared to the improvement 
due to the use of strong-axis BRBF columns. For the particular building investigated in this 
study, there are more gravity columns than braced frame columns and this can explain the 
difference. Since this is a typical characteristic in most buildings, this trend is expected to be 
constant for most cases. It is also worth noting that the level of improvement is affected by 
the orientation of the gravity columns, which is a mixture of weak-axis and strong-axis 
orientation for this building.    
 For this case, the initial stiffness and early post-yielding stiffness of the system are also 
nearly the same whether continuous gravity columns are used; therefore, the improvement is 
more related to the flexural strength contribution provided by the continuous gravity columns 
that helps preventing the formation of story mechanisms and distributing inelastic demands 
more evenly. Furthermore, the benefit from the basement effect, which leads to partial 
column fixity at the ground level, also appears to be more significant for this case as 
demands are redistributed from the first story to upper levels, where P-∆ effects are smaller.             
 
6.2.4 Influence of BRBF-SMRF dual systems 
 
The benefits of using BRBF-SMRF dual systems has also been demonstrated in previous 
research. The improvement provided by these systems was investigated by developing two 
prototypes for each height. The first prototype corresponds to a standard dual system design in 
which a SMRF proportioned for the ASCE7-10 minimum base shear requirement (25% of the 
design base shear) is added to the baseline BRBF (prototypes DS4, DS9 and DS15). 
Additionally, the second prototype corresponds to a Proposed design in which the SMRF is 
proportioned for a larger portion of base shear (50% of the design base shear), the interaction 
between the two systems is considered within an iterative process that reduces the member sizes 
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of the BRBF, and no global stability requirements are included (prototypes DS4-P, DS9-P and 
DS15-P).    
 BRBF-SMRF dual systems demonstrated superior seismic stability performance compared to 
all other alternatives. Furthermore, the level of performance of these systems was comparable 
or better to that of the fictitious case where no amplification for global stability was used and 
P-∆ effects were not considered in the analysis (prototype A) for each building height.  
 The first design approach, following the minimum base shear requirement from ASCE7-10, 
resulted in BRBF-SMRF dual systems with robust seismic stability performance. The 
addition of the SMRF to the baseline BRBF increased the collapse capacity ሺܣܥܯܴ) of the 
system by between 43% and 59%. 
 The Proposed design approach, designing the SMRF for a larger portion of base shear and 
considering the interaction of the two systems, resulted in BRBF-SMRF dual systems with 
equivalently robust seismic stability performance. Compared to the collapse capacity 
ሺܣܥܯܴ) of the baseline BRBF (prototype 1), the collapse capacity of these systems was 
between 54% and 60% higher. 
 Both approaches for the design of BRBF-SMRF dual systems resulted in a collapse 
performance that satisfied the acceptance criteria by a considerable margin. However, having 
nearly the same steel weight, the Proposed design produced higher levels of collapse 
performance for at least two out of the three building heights. This confirmed that the 25% 
base shear rule for the SMRF design (from ASCE7-10) is somewhat arbitrary and that 
advanced analysis accounting for the interaction of the two systems is a viable alternate 
approach to determine the required strength for the SRMF, as also demonstrated by previous 
research (Aukeman and Laursen 2011).  
 Using the same portion (50%) of the respective prescribed seismic forces to design the 
SMRF for the three building heights did not uniformly result in better performance for all 
three cases, suggesting that individual analysis should be performed to determine the 
required SMRF strength. As it was realized for the 9-story building, which was the basis for 
the 50/50 force distribution between the BRBF/SMRF, this can be achieved by conducting 
pushover analysis and comparing the post-yielding stiffness characteristics for different 
designs.       
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 Compared to the corresponding prototype 1, the median residual drifts at MCE intensity for 
prototypes DS4, DS9 and DS15 were reduced by between 54% and 65%, resulting in values 
below the 0.5% threshold. This shows that these systems are more effective for drift control 
than all the other alternatives. 
 Compared to the corresponding prototype 1, the median residual drifts at MCE intensity for 
prototypes DS4-P, DS9-P and DS15-P were reduced by between 48% and 54%. However, 
for two out of the three building heights, the value was still above the 0.5% threshold. 
 Both approaches for the design of BRBF-SMRF dual systems had the same essential 
dynamic behavior by showing a more even distribution of inelasticity. As observed in 
previous research (Kiggins and Uang 2006; Ariyaratana and Fahnestock 2011), the initial 
stiffness of these systems is nearly the same as that of the isolated BRBFs. Therefore, the 
drift reduction and the performance improvement are more related to the contribution of the 
SMRF that remains elastic after the BRBs have yielded and later provides restoring forces 
and additional energy dissipation capacity by the formation of plastic hinges in the beams.  
 Dynamic simulations demonstrated that the higher improvement demonstrated by the 
Proposed design in some cases is due to an even more uniform distribution of inelasticity. 
This is achieved by a more efficient use of energy dissipation characteristics of each system, 
in which the formation of plastic hinges in the BRBF is more limited to the BRBs and a 
higher number of plastic hinges are formed in the SMRF beams.  
 
6.3  RECOMMENDATIONS  
 
After confirming that current U.S. code provisions for global stability provide little 
improvement in the seismic stability performance of BRBFs, a revision that address P-∆ effects 
more rigorously is highly recommended. While this research was focused on BRBFs, this 
concern applies for any structural system since an elastic analysis of P-∆ effects has been shown 
inadequate to ensure stable inelastic seismic response. Based on the results of this investigation, 
the use of additional alternatives that resulted in a collapse performance that satisfies the 
acceptance criteria is also recommended. These alternatives include the use of: strong-axis 
orientation for the BRBF columns, continuous gravity columns, and BRBF-SMRF dual systems. 
The alternative selection would depend on the desired level of improvement, which was assessed 
in this research project. Particularly, the use of BRBF-SMRF dual systems demonstrated the 
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highest level of improvement. Furthermore, a modified version of the Proposed design approach, 
in which individual analysis is performed to determine the required strength for the SMRF, is 
recommend due to expected superior results. Fundamentally, the most important aspect of 
seismic stability is reliable positive stiffness at large inelastic drifts, and this is not provided by 
current code-based elastic stability formulations. 
 
6.4  FUTURE WORK  
 
 Further investigation is needed to develop a rigorous and yet straightforward approach to 
address P-∆ effects, which goes beyond elastic stability considerations and can be 
incorporated in code provisions. 
 Design of BRBF-SMRF dual systems should be more thoroughly studied to expand the 
findings of this investigation for exploiting the interaction of the two systems so that benefits 
to seismic stability are maximized.   
 Large-scale experimental testing using the alternatives studied in this research would be 
useful to increase the knowledge about these systems and validate results from analysis.      
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Table A.1. Dynamic analysis response quantities for BRBF4-A under MCE ground motions 
Ground Motion 
Record No. 
BRBF4-A 
Maximum Story Drift (%) Residual Drift (%) μmax μc 
1 2.81 0.45 17.1 117 
2 3.07 1.13 19.3 143 
3 2.66 0.63 17.1 101 
4 1.66 0.34 10.2 72 
5 2.17 0.32 12.4 59 
6 1.65 0.49 9.8 61 
7 2.43 0.93 15.1 147 
8 2.16 0.76 13.3 168 
9 2.98 1.05 20.3 321 
10 N/A N/A N/A N/A 
11 2.83 1.38 17.7 156 
12 1.61 0.22 9.7 73 
13 2.44 0.69 16.4 162 
14 2.13 0.21 13.9 105 
15 2.93 0.92 19.3 120 
16 1.68 0.38 10.0 78 
17 2.12 1.05 12.9 79 
18 3.07 0.61 18.5 66 
19 0.86 0.23 5.3 13 
20 1.67 0.66 10.0 55 
21 N/A N/A N/A N/A 
22 1.91 0.27 10.6 81 
23 1.45 0.66 8.9 97 
24 2.70 1.05 16.3 130 
25 4.64 2.53 29.2 385 
26 1.91 0.22 13.0 121 
27 1.48 0.29 8.4 54 
28 2.67 0.56 16.4 129 
29 1.44 0.32 8.9 77 
30 2.13 0.15 14.3 127 
31 2.72 0.52 17.1 56 
32 2.48 0.63 16.3 86 
33 2.77 1.60 17.8 149 
34 2.19 0.71 13.4 109 
35 2.26 0.66 12.9 75 
36 1.53 0.33 8.9 56 
37 0.93 0.17 5.6 45 
38 2.25 0.48 13.4 100 
39 1.93 0.65 11.6 85 
40 1.86 0.75 11.2 49 
41 N/A N/A N/A N/A 
42 1.93 0.41 10.8 69 
43 1.31 0.41 7.3 60 
44 1.41 0.39 8.3 103 
N/A = Collapse case 
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Table A.2. Dynamic analysis response quantities for BRBF4-B under MCE ground motions 
Ground Motion 
Record No. 
BRBF4-B 
Maximum Story Drift (%) Residual Drift (%) μmax μc 
1 3.06 1.60 18.8 130 
2 3.23 2.44 20.1 173 
3 4.30 3.81 28.9 302 
4 1.70 0.62 9.8 59 
5 2.08 0.51 12.5 61 
6 1.79 0.44 10.6 68 
7 4.15 3.56 26.6 391 
8 3.49 2.85 21.7 364 
9 N/A N/A N/A N/A 
10 N/A N/A N/A N/A 
11 4.32 3.79 29.3 401 
12 2.34 1.11 14.4 136 
13 N/A N/A N/A N/A 
14 2.41 1.06 15.9 143 
15 3.50 2.80 23.4 247 
16 1.96 0.79 11.8 76 
17 2.32 1.52 14.2 100 
18 3.12 1.41 19.5 91 
19 0.84 0.26 5.3 15 
20 2.03 1.08 12.8 68 
21 N/A N/A N/A N/A 
22 2.21 1.13 12.6 126 
23 1.54 0.76 9.0 90 
24 3.38 2.41 20.4 137 
25 N/A N/A N/A N/A 
26 1.75 0.72 11.7 127 
27 1.65 0.48 9.4 54 
28 N/A N/A N/A N/A 
29 1.42 0.40 9.0 100 
30 N/A N/A N/A N/A 
31 3.06 1.69 19.5 94 
32 2.42 0.53 14.9 94 
33 N/A N/A N/A N/A 
34 N/A N/A N/A N/A 
35 2.73 1.77 15.9 123 
36 1.58 0.40 9.2 53 
37 1.47 0.24 8.5 44 
38 2.88 0.97 18.6 73 
39 2.31 1.34 15.6 93 
40 1.89 1.10 11.3 44 
41 N/A N/A N/A N/A 
42 2.21 0.84 12.9 96 
43 1.33 0.55 7.7 60 
44 1.41 0.40 8.3 105 
N/A = Collapse case 
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Table A.3. Dynamic analysis response quantities for BRBF4-1 under MCE ground motions 
Ground Motion 
Record No. 
BRBF4-1 
Maximum Story Drift (%) Residual Drift (%) μmax μc 
1 3.09 1.57 19.0 123 
2 3.22 2.36 19.9 204 
3 3.81 3.21 25.9 284 
4 1.71 0.74 9.9 56 
5 2.03 0.44 12.1 60 
6 1.83 0.51 10.9 61 
7 4.51 3.95 28.9 504 
8 2.56 1.68 15.7 205 
9 N/A N/A N/A N/A 
10 N/A N/A N/A N/A 
11 N/A N/A N/A N/A 
12 2.09 0.72 12.4 121 
13 4.12 3.49 27.8 471 
14 2.45 1.12 16.3 134 
15 3.40 2.63 22.8 214 
16 1.81 0.65 10.8 70 
17 2.36 1.32 14.5 107 
18 3.05 1.16 19.4 57 
19 0.85 0.27 5.3 13 
20 2.00 1.07 12.6 92 
21 N/A N/A N/A N/A 
22 2.05 0.85 11.5 104 
23 1.40 0.62 8.4 95 
24 3.40 2.35 20.6 131 
25 N/A N/A N/A N/A 
26 1.91 0.60 13.0 129 
27 1.66 0.44 9.3 54 
28 N/A N/A N/A N/A 
29 1.48 0.41 9.1 83 
30 3.79 3.14 24.1 611 
31 3.07 1.65 19.7 94 
32 2.43 0.19 14.9 80 
33 N/A N/A N/A N/A 
34 N/A N/A N/A N/A 
35 2.74 1.68 16.1 136 
36 1.58 0.43 9.0 51 
37 1.18 0.22 6.5 39 
38 2.84 0.85 18.3 79 
39 2.30 1.36 15.2 90 
40 1.91 1.07 11.5 44 
41 N/A N/A N/A N/A 
42 2.24 0.98 13.0 81 
43 1.29 0.52 7.7 61 
44 1.39 0.48 8.2 109 
N/A = Collapse case 
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Table A.4. Dynamic analysis response quantities for BRBF4-2 under MCE ground motions 
Ground Motion 
Record No. 
BRBF4-2 
Maximum Story Drift (%) Residual Drift (%) μmax μc 
1 3.09 1.02 19.5 106 
2 3.37 2.16 21.8 154 
3 2.62 1.51 16.8 181 
4 1.99 0.54 11.3 64 
5 2.27 0.57 13.0 74 
6 1.95 0.43 11.3 81 
7 2.86 1.63 18.1 155 
8 2.48 1.24 16.2 236 
9 3.15 2.23 21.3 408 
10 N/A N/A N/A N/A 
11 3.02 1.78 18.8 145 
12 1.82 0.41 10.4 91 
13 2.66 1.46 16.8 201 
14 2.20 0.74 13.8 138 
15 3.07 1.94 19.2 156 
16 1.54 0.25 9.5 79 
17 2.26 1.35 13.5 81 
18 2.87 0.31 17.2 57 
19 0.95 0.32 5.3 13 
20 1.63 0.50 8.8 67 
21 N/A N/A N/A N/A 
22 1.96 0.56 10.8 93 
23 1.77 0.61 9.6 94 
24 2.65 1.43 16.1 143 
25 N/A N/A N/A N/A 
26 2.31 0.54 15.8 158 
27 1.38 0.26 9.1 62 
28 2.64 0.36 15.5 91 
29 1.68 0.31 9.2 90 
30 2.08 0.31 13.5 118 
31 2.55 0.85 15.9 59 
32 2.24 0.27 13.6 82 
33 4.10 3.46 26.3 179 
34 2.04 0.57 12.6 118 
35 2.02 0.75 11.4 97 
36 1.43 0.34 7.8 69 
37 0.81 0.19 5.9 40 
38 2.43 0.19 14.3 80 
39 1.89 0.66 10.5 68 
40 1.93 0.75 11.0 44 
41 N/A N/A N/A N/A 
42 2.19 0.64 12.7 67 
43 1.47 0.58 8.6 68 
44 1.80 0.55 11.6 113 
N/A = Collapse case 
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Table A.5. Dynamic analysis response quantities for BRBF4-3 under MCE ground motions 
Ground Motion 
Record No. 
BRBF4-3 
Maximum Story Drift (%) Residual Drift (%) μmax μc 
1 3.20 0.90 20.0 106 
2 3.49 1.91 22.4 155 
3 2.55 1.13 15.7 148 
4 2.08 0.61 11.8 70 
5 2.32 0.47 13.3 84 
6 1.95 0.49 11.5 91 
7 2.99 1.72 19.1 173 
8 2.68 1.40 17.9 229 
9 2.92 1.45 18.0 393 
10 N/A N/A N/A N/A 
11 3.06 1.53 18.9 139 
12 1.86 0.35 10.6 84 
13 2.67 1.23 16.5 194 
14 2.23 0.59 13.8 137 
15 3.04 1.69 18.7 152 
16 1.51 0.24 9.3 81 
17 2.32 1.31 13.8 83 
18 2.97 0.29 17.6 55 
19 1.00 0.36 5.5 15 
20 1.69 0.55 9.3 73 
21 N/A N/A N/A N/A 
22 2.05 0.41 11.4 92 
23 1.81 0.68 10.0 94 
24 2.72 1.67 16.2 150 
25 N/A N/A N/A N/A 
26 2.41 0.66 16.6 165 
27 1.45 0.29 9.1 56 
28 2.77 0.23 16.5 90 
29 1.79 0.39 10.1 95 
30 2.15 0.19 13.5 116 
31 2.71 0.61 16.0 66 
32 2.25 0.35 12.9 87 
33 4.03 3.30 25.9 244 
34 2.16 0.58 12.7 121 
35 2.02 0.76 11.2 107 
36 1.42 0.36 7.9 67 
37 0.87 0.21 6.3 41 
38 2.54 0.19 15.1 92 
39 1.95 0.68 11.0 71 
40 2.01 0.84 11.5 48 
41 N/A N/A N/A N/A 
42 2.32 0.52 13.6 76 
43 1.51 0.67 9.4 71 
44 1.84 0.68 12.0 128 
N/A = Collapse case 
162 
 
Table A.6. Dynamic analysis response quantities for DS4 under MCE ground motions 
Ground Motion 
Record No. 
DS4 
Maximum Story Drift (%) Residual Drift (%) μmax μc 
1 2.45 0.22 14.8 117 
2 3.25 1.68 20.6 140 
3 2.00 0.44 11.5 98 
4 1.75 0.18 10.0 79 
5 2.13 0.15 11.9 82 
6 2.00 0.33 12.4 65 
7 2.02 0.54 11.8 134 
8 2.31 0.68 14.0 168 
9 1.68 0.13 10.7 306 
10 N/A N/A N/A N/A 
11 2.14 0.87 14.0 96 
12 1.65 0.32 9.1 70 
13 1.87 0.44 11.6 171 
14 2.12 0.69 12.7 146 
15 2.28 0.91 13.9 97 
16 1.37 0.05 7.7 81 
17 2.09 0.87 11.9 66 
18 2.72 1.04 16.0 75 
19 0.76 0.09 5.4 15 
20 1.42 0.13 7.9 27 
21 4.28 2.75 27.4 247 
22 1.62 0.24 8.9 80 
23 1.31 0.19 7.9 100 
24 2.36 0.81 14.4 147 
25 N/A N/A N/A N/A 
26 1.62 0.17 10.7 158 
27 1.47 0.16 10.2 55 
28 2.68 0.87 15.7 109 
29 1.24 0.14 7.2 77 
30 2.14 0.50 14.0 125 
31 2.16 0.73 13.3 63 
32 2.17 0.72 13.1 99 
33 2.36 1.08 14.2 146 
34 1.65 0.31 9.8 125 
35 2.08 0.43 12.5 82 
36 1.30 0.17 9.1 55 
37 0.80 0.13 5.7 23 
38 2.00 0.49 11.8 44 
39 1.87 0.61 11.4 106 
40 1.86 0.48 10.5 51 
41 4.30 2.10 27.4 208 
42 1.58 0.20 8.8 62 
43 1.40 0.14 7.7 76 
44 1.77 0.08 11.6 122 
N/A = Collapse case 
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Table A.7. Dynamic analysis response quantities for DS4-P under MCE ground motions 
Ground Motion 
Record No. 
DS4-P 
Maximum Story Drift (%) Residual Drift (%) μmax μc 
1 2.94 0.14 17.8 196 
2 3.23 1.43 20.3 275 
3 2.81 0.87 16.8 147 
4 2.32 0.17 15.3 117 
5 1.99 0.33 12.9 118 
6 2.95 1.27 18.5 170 
7 2.01 0.72 13.1 132 
8 2.47 1.02 14.8 260 
9 1.95 0.49 11.1 511 
10 4.13 1.95 26.6 875 
11 2.16 0.89 12.5 117 
12 2.37 0.86 13.6 129 
13 1.97 0.04 11.5 57 
14 2.82 0.56 16.7 202 
15 2.03 0.87 11.9 123 
16 1.99 0.31 11.5 118 
17 2.06 0.82 13.9 102 
18 2.75 1.27 17.5 119 
19 0.81 0.08 6.9 25 
20 1.35 0.23 8.5 34 
21 3.47 2.00 20.8 230 
22 1.58 0.33 9.5 117 
23 1.64 0.33 10.5 150 
24 4.61 2.79 29.9 345 
25 N/A N/A N/A N/A 
26 2.35 0.21 14.0 260 
27 1.57 0.04 11.8 78 
28 2.53 1.30 15.1 196 
29 1.21 0.03 8.3 109 
30 2.12 0.18 12.2 160 
31 2.34 0.66 13.9 93 
32 2.20 0.77 12.9 103 
33 2.23 0.57 13.0 187 
34 1.84 0.32 11.0 178 
35 2.18 0.77 12.1 141 
36 2.17 0.82 13.8 122 
37 0.70 0.04 5.9 50 
38 1.91 0.64 11.0 81 
39 2.84 1.14 17.0 140 
40 1.71 0.42 12.1 85 
41 4.22 2.33 26.3 275 
42 1.33 0.07 9.5 105 
43 1.51 0.18 11.1 117 
44 2.73 1.13 17.0 217 
N/A = Collapse case 
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Table A.8. Dynamic analysis response quantities for BRBF9-ELF under MCE ground motions 
Ground Motion 
Record No. 
BRBF9-ELF 
Maximum Story Drift (%) Residual Drift (%) μmax μc 
1 N/A N/A N/A N/A 
2 N/A N/A N/A N/A 
3 2.84 1.91 18.2 187 
4 2.10 0.60 14.1 161 
5 3.03 1.30 18.6 216 
6 N/A N/A N/A N/A 
7 N/A N/A N/A N/A 
8 N/A N/A N/A N/A 
9 N/A N/A N/A N/A 
10 N/A N/A N/A N/A 
11 2.71 1.50 17.6 197 
12 2.63 1.72 15.0 193 
13 2.60 1.01 17.2 263 
14 3.41 1.53 22.8 280 
15 N/A N/A N/A N/A 
16 2.31 0.30 15.2 127 
17 N/A N/A N/A N/A 
18 N/A N/A N/A N/A 
19 1.02 0.22 7.8 54 
20 3.15 2.43 20.4 185 
21 N/A N/A N/A N/A 
22 3.73 2.75 23.8 317 
23 2.84 0.76 20.4 198 
24 N/A N/A N/A N/A 
25 N/A N/A N/A N/A 
26 N/A N/A N/A N/A 
27 3.57 0.97 26.1 177 
28 3.36 1.40 24.0 143 
29 2.08 0.93 12.9 191 
30 N/A N/A N/A N/A 
31 2.54 1.19 14.9 122 
32 2.25 0.56 12.9 104 
33 N/A N/A N/A N/A 
34 3.40 2.68 20.2 269 
35 3.70 1.87 23.4 252 
36 2.21 0.42 13.8 106 
37 2.26 1.32 12.7 148 
38 N/A N/A N/A N/A 
39 3.46 2.57 23.6 214 
40 N/A N/A N/A N/A 
41 N/A N/A N/A N/A 
42 3.32 2.29 18.3 168 
43 N/A N/A N/A N/A 
44 4.13 3.18 28.4 374 
N/A = Collapse case 
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Table A.9. Dynamic analysis response quantities for BRBF9-A under MCE ground motions 
Ground Motion 
Record No. 
BRBF9-A 
Maximum Story Drift (%) Residual Drift (%) μmax μc 
1 1.56 0.43 8.6 100 
2 1.81 0.16 10.1 111 
3 2.11 0.79 12.1 57 
4 1.44 0.38 8.5 53 
5 1.45 0.29 8.5 63 
6 1.77 0.36 10.7 47 
7 1.66 0.62 9.1 77 
8 1.84 0.72 11.2 99 
9 3.56 1.34 22.0 316 
10 3.15 1.02 18.8 489 
11 2.27 0.52 13.4 82 
12 1.81 0.50 10.4 57 
13 1.65 0.27 9.0 124 
14 1.32 0.38 7.8 101 
15 2.22 1.11 13.1 71 
16 1.55 0.17 8.1 52 
17 3.84 0.92 23.5 179 
18 1.95 0.39 10.6 44 
19 1.19 0.30 5.7 16 
20 N/A N/A N/A N/A 
21 4.27 1.55 26.4 217 
22 1.97 0.46 10.6 81 
23 1.27 0.44 7.7 88 
24 1.67 0.67 10.0 107 
25 3.11 1.22 18.8 175 
26 1.55 0.28 9.8 120 
27 1.17 0.17 6.9 42 
28 1.87 0.69 10.5 34 
29 1.88 0.53 10.9 72 
30 N/A N/A N/A N/A 
31 2.03 0.24 11.5 40 
32 1.91 0.20 10.0 88 
33 2.80 0.87 16.8 147 
34 2.65 0.37 15.1 105 
35 1.38 0.18 8.4 44 
36 1.26 0.27 8.3 52 
37 2.39 0.63 13.3 116 
38 3.73 0.41 22.8 139 
39 2.53 1.04 14.9 113 
40 1.63 0.65 9.6 50 
41 3.52 1.56 21.4 227 
42 3.74 2.08 23.3 212 
43 1.18 0.35 6.7 56 
44 1.27 0.26 7.8 77 
N/A = Collapse case 
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Table A.10. Dynamic analysis response quantities for BRBF9-B under MCE ground motions 
Ground Motion 
Record No. 
BRBF9-B 
Maximum Story Drift (%) Residual Drift (%) μmax μc 
1 1.59 0.73 9.4 98 
2 1.92 0.32 10.9 96 
3 2.38 1.67 13.9 76 
4 1.49 0.73 8.7 53 
5 1.65 0.66 10.0 70 
6 1.97 0.57 11.9 50 
7 1.96 0.94 10.6 93 
8 2.45 1.78 15.9 104 
9 N/A N/A N/A N/A 
10 N/A N/A N/A N/A 
11 N/A N/A N/A N/A 
12 2.52 1.51 15.2 95 
13 1.91 0.68 10.2 103 
14 1.46 0.38 8.9 80 
15 3.14 2.64 19.5 261 
16 1.68 0.34 9.0 53 
17 N/A N/A N/A N/A 
18 2.17 1.40 12.0 84 
19 1.54 0.26 7.6 34 
20 N/A N/A N/A N/A 
21 N/A N/A N/A N/A 
22 2.88 1.45 17.2 184 
23 1.45 0.50 7.6 80 
24 2.24 1.68 14.6 160 
25 N/A N/A N/A N/A 
26 1.46 0.52 8.9 111 
27 1.18 0.28 6.8 41 
28 1.75 0.97 9.8 41 
29 2.34 1.46 14.0 172 
30 N/A N/A N/A N/A 
31 2.05 0.79 11.1 72 
32 2.11 1.16 11.9 114 
33 N/A N/A N/A N/A 
34 N/A N/A N/A N/A 
35 1.58 0.34 8.6 57 
36 1.22 0.34 7.9 51 
37 N/A N/A N/A N/A 
38 N/A N/A N/A N/A 
39 N/A N/A N/A N/A 
40 1.74 0.93 10.5 54 
41 N/A N/A N/A N/A 
42 N/A N/A N/A N/A 
43 1.39 0.53 8.0 46 
44 1.60 0.58 10.4 70 
N/A = Collapse case 
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Table A.11. Dynamic analysis response quantities for BRBF9-1 under MCE ground motions 
Ground Motion 
Record No. 
BRBF9-1 
Maximum Story Drift (%) Residual Drift (%) μmax μc 
1 1.70 0.54 10.4 115 
2 1.94 0.27 10.8 109 
3 2.29 1.40 13.4 75 
4 1.42 0.52 7.9 55 
5 1.72 0.50 10.5 59 
6 1.96 0.77 12.0 62 
7 2.00 0.99 11.2 95 
8 2.10 1.28 13.6 100 
9 N/A N/A N/A N/A 
10 N/A N/A N/A N/A 
11 N/A N/A N/A N/A 
12 2.11 1.10 13.1 83 
13 2.02 0.69 10.8 120 
14 1.50 0.30 9.2 79 
15 3.41 2.93 22.2 234 
16 1.60 0.31 8.3 45 
17 N/A N/A N/A N/A 
18 1.85 0.68 9.4 44 
19 1.29 0.36 6.2 16 
20 N/A N/A N/A N/A 
21 N/A N/A N/A N/A 
22 2.16 0.86 11.7 126 
23 1.36 0.50 8.6 84 
24 1.92 1.32 12.7 113 
25 N/A N/A N/A N/A 
26 1.82 0.53 11.9 120 
27 1.37 0.31 7.2 39 
28 1.85 1.13 10.4 38 
29 2.23 1.21 13.3 111 
30 N/A N/A N/A N/A 
31 1.87 0.61 10.5 60 
32 2.14 0.35 11.5 66 
33 N/A N/A N/A N/A 
34 3.36 2.74 20.6 285 
35 1.58 0.24 8.2 56 
36 1.29 0.38 8.0 50 
37 N/A N/A N/A N/A 
38 3.59 3.02 22.4 321 
39 4.00 3.48 25.0 335 
40 1.79 1.07 10.1 52 
41 N/A N/A N/A N/A 
42 N/A N/A N/A N/A 
43 1.22 0.43 7.0 52 
44 1.39 0.38 8.8 77 
N/A = Collapse case 
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Table A.12. Dynamic analysis response quantities for BRBF9-2 under MCE ground motions 
Ground Motion 
Record No. 
BRBF9-2 
Maximum Story Drift (%) Residual Drift (%) μmax μc 
1 1.63 0.52 8.7 94 
2 1.76 0.24 9.7 113 
3 2.27 1.33 13.2 81 
4 1.34 0.60 7.3 61 
5 1.77 0.72 10.1 69 
6 1.67 0.46 9.2 50 
7 1.82 0.72 9.8 86 
8 1.82 1.01 10.0 88 
9 N/A N/A N/A N/A 
10 N/A N/A N/A N/A 
11 2.28 0.94 13.0 118 
12 2.09 0.94 12.3 72 
13 1.73 0.68 9.9 127 
14 1.45 0.42 8.0 85 
15 3.18 2.52 20.0 143 
16 1.59 0.26 8.0 45 
17 2.86 1.77 16.6 162 
18 1.96 0.78 10.7 58 
19 1.22 0.29 5.5 15 
20 4.38 1.08 27.1 168 
21 N/A N/A N/A N/A 
22 2.07 0.53 11.1 89 
23 1.25 0.27 7.4 74 
24 1.70 0.86 10.4 111 
25 N/A N/A N/A N/A 
26 1.68 0.49 11.0 109 
27 1.28 0.21 6.9 37 
28 1.97 1.23 11.0 44 
29 2.22 1.14 13.1 125 
30 N/A N/A N/A N/A 
31 2.22 0.84 12.7 76 
32 2.14 0.53 11.4 75 
33 N/A N/A N/A N/A 
34 3.49 2.75 21.5 262 
35 1.45 0.21 7.6 50 
36 1.27 0.40 7.9 49 
37 1.99 0.89 10.7 113 
38 2.83 1.86 16.6 204 
39 3.82 3.22 23.5 258 
40 1.68 0.74 9.6 43 
41 4.42 3.96 27.2 500 
42 N/A N/A N/A N/A 
43 1.27 0.47 6.8 60 
44 1.43 0.39 8.1 76 
N/A = Collapse case 
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Table A.13. Dynamic analysis response quantities for BRBF9-3 under MCE ground motions 
Ground Motion 
Record No. 
BRBF9-3 
Maximum Story Drift (%) Residual Drift (%) μmax μc 
1 1.74 0.70 9.0 94 
2 1.65 0.30 9.2 97 
3 2.22 1.47 12.8 79 
4 1.35 0.50 7.3 46 
5 1.55 0.59 8.6 85 
6 1.53 0.40 8.4 40 
7 2.36 1.18 14.1 111 
8 1.78 0.75 9.6 90 
9 N/A N/A N/A N/A 
10 N/A N/A N/A N/A 
11 1.97 0.47 10.6 82 
12 1.86 0.62 10.4 55 
13 1.87 0.65 9.9 108 
14 1.62 0.40 9.0 75 
15 2.58 1.87 15.5 95 
16 1.66 0.29 8.4 49 
17 2.73 1.03 15.7 144 
18 2.15 0.66 12.0 55 
19 1.15 0.34 5.3 16 
20 3.63 1.35 22.2 183 
21 N/A N/A N/A N/A 
22 1.95 0.33 10.1 92 
23 1.16 0.30 7.2 73 
24 1.82 0.62 10.0 99 
25 3.07 1.92 19.3 292 
26 1.38 0.52 6.8 104 
27 1.33 0.20 7.7 37 
28 2.05 1.12 11.4 39 
29 2.13 1.02 12.4 107 
30 4.12 3.48 25.4 675 
31 2.34 0.72 13.5 54 
32 2.26 0.28 12.1 72 
33 3.59 3.12 22.1 264 
34 2.77 1.43 15.6 216 
35 1.47 0.15 7.6 58 
36 1.16 0.39 6.3 46 
37 2.07 0.69 10.7 95 
38 2.62 1.24 15.0 151 
39 3.17 2.36 19.1 139 
40 1.60 0.67 8.2 53 
41 3.81 1.54 23.6 220 
42 4.62 3.79 28.4 272 
43 1.21 0.46 6.8 56 
44 1.38 0.33 7.3 67 
N/A = Collapse case 
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Table A.14. Dynamic analysis response quantities for DS9 under MCE ground motions 
Ground Motion 
Record No. 
DS9 
Maximum Story Drift (%) Residual Drift (%) μmax μc 
1 1.87 0.56 9.9 102 
2 2.01 0.38 11.1 118 
3 1.98 0.73 10.6 59 
4 1.33 0.28 7.2 45 
5 1.37 0.40 7.4 65 
6 1.50 0.31 8.1 51 
7 1.58 0.41 9.2 68 
8 1.60 0.41 7.9 90 
9 3.10 1.24 18.7 296 
10 N/A N/A N/A N/A 
11 1.73 0.24 8.7 87 
12 1.39 0.22 7.2 53 
13 2.09 0.39 11.2 118 
14 1.46 0.21 8.8 98 
15 2.71 1.51 15.6 96 
16 1.39 0.27 6.8 46 
17 3.51 2.13 21.0 173 
18 2.36 0.71 13.4 55 
19 0.94 0.20 4.8 14 
20 2.86 1.58 17.1 126 
21 2.99 1.94 18.0 229 
22 1.53 0.33 8.1 50 
23 1.16 0.20 7.4 94 
24 1.73 0.24 9.4 101 
25 2.79 1.15 16.6 188 
26 1.49 0.24 10.3 122 
27 1.09 0.11 6.9 46 
28 2.20 0.89 12.4 56 
29 1.68 0.56 9.5 71 
30 3.64 2.61 22.1 392 
31 2.31 0.90 13.2 53 
32 2.54 0.61 14.2 72 
33 2.70 1.46 15.9 164 
34 2.37 0.81 12.9 130 
35 1.67 0.07 8.4 51 
36 1.08 0.22 6.5 46 
37 2.35 0.98 12.9 132 
38 3.30 1.94 20.2 137 
39 1.69 0.54 9.4 87 
40 1.59 0.45 8.6 51 
41 3.80 2.53 23.1 284 
42 2.62 1.24 14.9 109 
43 1.26 0.26 6.9 59 
44 1.14 0.12 7.2 84 
N/A = Collapse case 
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Table A.15. Dynamic analysis response quantities for DS9-P under MCE ground motions 
Ground Motion 
Record No. 
DS9-P 
Maximum Story Drift (%) Residual Drift (%) μmax μc 
1 2.20 0.77 12.6 219 
2 2.14 0.37 13.0 188 
3 2.17 0.48 12.4 106 
4 1.91 0.40 11.1 97 
5 1.76 0.24 11.7 86 
6 2.26 0.58 13.7 84 
7 1.63 0.11 11.0 120 
8 1.97 0.40 12.4 160 
9 3.50 1.84 20.8 477 
10 N/A N/A N/A N/A 
11 2.22 0.50 11.8 99 
12 1.76 0.50 9.2 82 
13 2.47 0.81 14.4 219 
14 1.62 0.10 10.1 166 
15 2.95 1.65 16.9 113 
16 1.53 0.08 10.4 87 
17 3.12 1.43 18.9 110 
18 2.44 0.47 13.6 70 
19 0.99 0.13 6.4 23 
20 2.64 1.63 15.4 130 
21 3.15 1.39 18.6 252 
22 1.85 0.32 9.3 83 
23 1.41 0.19 8.9 138 
24 2.71 1.16 17.3 256 
25 N/A N/A N/A N/A 
26 1.81 0.18 11.1 224 
27 1.06 0.13 7.9 65 
28 2.21 0.64 12.2 61 
29 1.69 0.36 9.1 104 
30 3.72 2.48 21.7 522 
31 2.38 0.98 13.1 95 
32 2.40 0.07 13.1 95 
33 2.67 1.60 15.4 220 
34 2.64 0.20 14.8 166 
35 2.36 0.50 13.3 107 
36 1.71 0.09 12.0 59 
37 2.49 0.89 13.3 118 
38 3.44 2.17 21.1 178 
39 1.72 0.73 9.1 72 
40 2.02 0.86 13.1 95 
41 3.44 1.51 19.7 241 
42 2.93 1.59 16.5 136 
43 1.40 0.19 8.8 97 
44 2.17 0.67 13.6 175 
N/A = Collapse case 
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Table A.16. Dynamic analysis response quantities for BRBF15-A under MCE ground motions 
Ground Motion 
Record No. 
BRBF15-A 
Maximum Story Drift (%) Residual Drift (%) μmax μc 
1 1.38 0.38 7.0 65 
2 1.77 0.34 10.1 81 
3 1.48 0.45 7.8 44 
4 1.33 0.32 6.9 38 
5 1.67 0.42 7.1 41 
6 1.95 0.66 10.9 39 
7 1.70 0.55 8.4 54 
8 1.85 0.78 10.7 71 
9 3.58 0.61 19.7 431 
10 3.17 1.19 16.9 490 
11 1.96 0.56 8.9 119 
12 2.04 0.51 11.6 73 
13 1.96 0.40 9.8 90 
14 1.62 0.45 7.6 52 
15 2.00 0.58 10.1 54 
16 1.63 0.48 8.6 52 
17 4.84 2.94 28.5 209 
18 2.05 0.43 11.2 54 
19 1.41 0.62 6.0 13 
20 N/A N/A N/A N/A 
21 N/A N/A N/A N/A 
22 2.22 0.46 10.6 80 
23 1.46 0.27 6.5 44 
24 1.86 0.44 9.4 84 
25 2.08 0.55 12.3 114 
26 1.50 0.37 7.4 84 
27 1.20 0.26 5.3 30 
28 1.78 0.25 9.7 50 
29 1.56 0.47 8.7 43 
30 2.43 0.62 10.6 122 
31 2.38 0.83 12.2 52 
32 1.92 0.32 9.1 50 
33 1.95 0.88 11.2 83 
34 2.14 0.73 11.5 71 
35 1.37 0.19 7.5 36 
36 1.11 0.28 6.1 43 
37 2.71 0.82 13.6 160 
38 3.34 0.74 18.6 154 
39 3.02 1.20 18.0 126 
40 1.61 0.63 9.3 31 
41 3.29 1.21 18.0 193 
42 2.66 1.17 14.0 80 
43 1.43 0.46 6.7 49 
44 1.31 0.30 6.8 45 
N/A = Collapse case 
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Table A.17. Dynamic analysis response quantities for BRBF15-B under MCE ground motions 
Ground Motion 
Record No. 
BRBF15-B 
Maximum Story Drift (%) Residual Drift (%) μmax μc 
1 1.43 0.45 7.9 63 
2 1.88 0.78 11.0 69 
3 2.08 1.35 12.2 81 
4 1.34 0.38 8.1 33 
5 1.50 0.54 6.6 49 
6 2.33 1.24 11.8 53 
7 2.54 1.85 14.2 47 
8 1.91 1.13 11.5 106 
9 N/A N/A N/A N/A 
10 N/A N/A N/A N/A 
11 2.57 1.61 13.9 165 
12 2.60 1.86 15.4 169 
13 1.99 0.68 10.0 80 
14 1.63 0.65 8.5 57 
15 1.97 1.30 11.6 67 
16 1.65 0.84 8.6 50 
17 N/A N/A N/A N/A 
18 2.87 2.03 16.0 151 
19 1.55 0.82 6.7 18 
20 N/A N/A N/A N/A 
21 N/A N/A N/A N/A 
22 2.37 1.54 14.1 149 
23 1.38 0.35 6.0 42 
24 2.50 1.87 15.0 151 
25 2.27 0.99 13.1 118 
26 1.72 0.96 10.0 91 
27 1.14 0.33 5.5 27 
28 1.66 0.24 9.0 43 
29 1.76 1.04 9.6 109 
30 3.57 2.53 21.0 401 
31 3.22 2.49 17.9 64 
32 1.97 0.77 8.9 83 
33 2.92 2.31 18.2 197 
34 2.52 1.85 15.1 95 
35 1.52 0.52 7.6 35 
36 1.32 0.54 7.3 41 
37 4.72 4.08 27.9 381 
38 N/A N/A N/A N/A 
39 N/A N/A N/A N/A 
40 1.90 1.15 10.8 40 
41 N/A N/A N/A N/A 
42 2.85 1.81 16.1 105 
43 1.38 0.50 7.1 42 
44 1.30 0.46 7.2 43 
N/A = Collapse case 
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Table A.18. Dynamic analysis response quantities for BRBF15-1 under MCE ground motions 
Ground Motion 
Record No. 
BRBF15-1 
Maximum Story Drift (%) Residual Drift (%) μmax μc 
1 1.74 0.72 10.4 102 
2 1.77 0.53 9.8 111 
3 1.73 0.93 9.8 52 
4 1.32 0.40 6.7 49 
5 1.57 0.62 6.5 43 
6 2.05 0.88 11.3 50 
7 2.13 1.36 11.5 58 
8 2.05 1.31 12.2 98 
9 N/A N/A N/A N/A 
10 N/A N/A N/A N/A 
11 2.01 0.87 10.1 103 
12 2.43 1.46 14.2 144 
13 2.28 0.76 11.9 118 
14 1.64 0.62 8.5 67 
15 2.13 1.00 10.7 64 
16 1.55 0.61 7.9 54 
17 N/A N/A N/A N/A 
18 2.20 1.03 12.3 64 
19 1.42 0.65 5.9 18 
20 N/A N/A N/A N/A 
21 N/A N/A N/A N/A 
22 2.17 0.94 10.6 71 
23 1.65 0.55 7.0 51 
24 1.84 1.15 10.8 114 
25 N/A N/A N/A N/A 
26 1.56 0.73 9.0 91 
27 1.48 0.34 6.3 40 
28 1.83 0.34 9.9 52 
29 1.74 0.89 9.8 77 
30 2.69 1.26 13.5 152 
31 2.85 1.98 15.3 58 
32 1.89 0.54 8.7 47 
33 2.52 1.87 15.2 134 
34 2.07 1.29 11.5 94 
35 1.38 0.25 8.2 35 
36 1.30 0.40 7.3 52 
37 3.14 1.95 16.8 300 
38 N/A N/A N/A N/A 
39 4.38 3.87 26.7 512 
40 1.75 0.90 10.0 39 
41 N/A N/A N/A N/A 
42 3.47 2.52 19.3 131 
43 1.60 0.61 7.6 60 
44 1.56 0.39 8.2 67 
N/A = Collapse case 
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Table A.19. Dynamic analysis response quantities for BRBF15-2 under MCE ground motions 
Ground Motion 
Record No. 
BRBF15-2 
Maximum Story Drift (%) Residual Drift (%) μmax μc 
1 1.65 0.54 9.0 89 
2 1.56 0.45 8.3 106 
3 1.49 0.63 8.0 46 
4 1.46 0.42 6.7 50 
5 1.70 0.68 7.0 42 
6 1.94 0.61 10.4 35 
7 1.91 0.94 9.7 54 
8 2.01 1.22 12.1 97 
9 N/A N/A N/A N/A 
10 N/A N/A N/A N/A 
11 2.18 1.05 11.0 110 
12 2.36 1.25 13.6 131 
13 1.75 0.54 9.6 112 
14 1.52 0.47 7.6 60 
15 2.06 0.80 10.1 62 
16 1.48 0.43 6.7 47 
17 N/A N/A N/A N/A 
18 2.15 0.92 11.5 73 
19 1.33 0.53 5.2 12 
20 N/A N/A N/A N/A 
21 N/A N/A N/A N/A 
22 2.24 0.63 10.6 61 
23 1.55 0.44 7.4 55 
24 2.02 1.17 11.5 138 
25 2.47 0.90 14.3 136 
26 1.45 0.50 7.5 88 
27 1.36 0.33 6.4 40 
28 1.80 0.29 9.6 52 
29 1.78 0.98 9.8 73 
30 2.21 0.70 9.6 109 
31 2.96 2.05 16.0 46 
32 1.99 0.45 9.2 45 
33 2.01 1.36 12.0 114 
34 2.12 0.98 11.2 94 
35 1.52 0.18 7.3 35 
36 1.31 0.45 7.5 52 
37 2.72 1.49 13.7 181 
38 2.81 1.10 15.1 127 
39 3.51 2.70 21.0 324 
40 1.70 0.79 9.9 39 
41 N/A N/A N/A N/A 
42 3.36 2.28 18.4 100 
43 1.48 0.46 6.9 63 
44 1.43 0.32 7.1 54 
N/A = Collapse case 
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Table A.20. Dynamic analysis response quantities for BRBF15-3 under MCE ground motions 
Ground Motion 
Record No. 
BRBF15-3 
Maximum Story Drift (%) Residual Drift (%) μmax μc 
1 1.66 0.25 8.0 77 
2 1.52 0.36 7.9 97 
3 1.41 0.52 7.3 43 
4 1.53 0.42 7.2 45 
5 1.65 0.52 6.7 39 
6 1.87 0.47 10.2 35 
7 1.71 0.66 8.6 48 
8 1.91 1.11 11.3 95 
9 2.70 1.14 13.3 298 
10 N/A N/A N/A N/A 
11 2.03 0.70 9.6 104 
12 2.27 1.16 13.0 107 
13 1.86 0.55 9.6 106 
14 1.57 0.42 8.1 58 
15 2.06 0.74 10.1 64 
16 1.53 0.44 7.2 45 
17 N/A N/A N/A N/A 
18 2.05 0.71 11.1 71 
19 1.34 0.53 5.3 13 
20 N/A N/A N/A N/A 
21 N/A N/A N/A N/A 
22 2.03 0.53 9.5 64 
23 1.58 0.49 6.9 57 
24 1.80 0.85 10.0 110 
25 2.58 0.69 14.8 124 
26 1.47 0.42 7.5 85 
27 1.44 0.35 6.9 37 
28 1.83 0.16 9.7 47 
29 1.71 0.85 9.4 58 
30 2.34 0.94 10.1 132 
31 2.81 1.71 14.9 44 
32 1.90 0.45 8.7 46 
33 1.89 1.18 11.1 87 
34 2.13 0.91 11.3 81 
35 1.44 0.21 7.4 36 
36 1.19 0.42 6.2 47 
37 2.47 1.14 11.9 149 
38 2.76 1.09 14.7 138 
39 3.31 2.34 19.7 293 
40 1.68 0.70 9.7 30 
41 4.45 3.42 26.5 234 
42 3.11 1.90 16.2 78 
43 1.27 0.38 6.4 63 
44 1.37 0.34 6.8 52 
N/A = Collapse case 
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Table A.21. Dynamic analysis response quantities for DS15 under MCE ground motions 
Ground Motion 
Record No. 
DS15 
Maximum Story Drift (%) Residual Drift (%) μmax μc 
1 1.91 0.34 8.9 91 
2 1.98 0.33 10.4 71 
3 1.75 0.36 8.7 41 
4 1.40 0.26 6.1 49 
5 1.50 0.14 6.5 41 
6 1.44 0.26 8.2 35 
7 1.60 0.29 8.3 58 
8 1.75 0.70 9.6 82 
9 2.48 0.35 12.3 194 
10 4.93 3.22 29.7 612 
11 1.87 0.46 7.9 78 
12 1.69 0.33 9.2 41 
13 2.16 0.64 10.7 97 
14 1.34 0.10 6.8 56 
15 2.47 0.79 13.0 61 
16 1.43 0.10 6.5 60 
17 3.27 1.83 17.8 137 
18 2.40 0.68 13.5 61 
19 1.07 0.24 4.2 13 
20 3.97 1.05 23.2 150 
21 3.70 2.74 21.6 206 
22 2.02 0.42 9.8 41 
23 1.51 0.41 5.9 57 
24 1.55 0.40 7.6 69 
25 2.98 1.16 16.9 184 
26 1.49 0.12 7.1 105 
27 1.01 0.11 4.7 40 
28 2.05 0.25 11.0 43 
29 1.40 0.40 6.8 52 
30 2.16 0.86 10.4 158 
31 2.13 0.49 11.0 55 
32 1.79 0.15 8.5 38 
33 2.01 0.78 10.1 84 
34 2.16 0.84 11.3 99 
35 1.49 0.10 6.8 42 
36 1.15 0.17 5.4 39 
37 2.65 1.10 13.4 97 
38 3.51 0.60 19.4 101 
39 2.19 0.95 12.2 77 
40 1.59 0.59 9.1 36 
41 3.40 1.92 18.5 135 
42 3.02 1.66 15.6 90 
43 1.24 0.17 5.5 48 
44 1.13 0.07 5.9 56 
N/A = Collapse case 
178 
 
Table A.22. Dynamic analysis response quantities for DS15-P under MCE ground motions 
Ground Motion 
Record No. 
DS15-P 
Maximum Story Drift (%) Residual Drift (%) μmax μc 
1 1.86 0.36 9.4 142 
2 1.81 0.44 11.8 172 
3 2.07 0.40 11.0 74 
4 1.67 0.20 9.8 73 
5 1.72 0.22 9.5 71 
6 1.77 0.25 10.3 58 
7 1.62 0.27 9.8 75 
8 1.84 0.83 10.5 152 
9 2.53 1.31 13.9 300 
10 N/A N/A N/A N/A 
11 1.99 0.31 9.1 105 
12 1.89 0.29 10.2 66 
13 2.04 0.60 11.9 185 
14 1.63 0.43 10.2 131 
15 2.54 0.56 13.8 91 
16 1.68 0.39 8.5 78 
17 3.54 1.83 20.6 120 
18 2.56 0.57 14.2 87 
19 1.10 0.11 5.8 21 
20 N/A N/A N/A N/A 
21 N/A N/A N/A N/A 
22 2.35 0.30 10.9 73 
23 1.34 0.27 7.1 85 
24 1.93 0.46 10.5 133 
25 3.19 1.32 21.3 321 
26 1.56 0.31 9.6 179 
27 1.23 0.08 7.0 53 
28 2.14 0.23 11.4 67 
29 1.64 0.47 8.1 65 
30 2.43 0.44 12.5 125 
31 2.72 1.52 14.6 99 
32 2.12 0.23 11.0 64 
33 2.35 0.80 12.7 176 
34 2.68 1.45 15.1 146 
35 1.42 0.07 8.3 68 
36 1.26 0.12 9.1 56 
37 2.89 1.44 14.7 162 
38 3.20 0.36 18.3 137 
39 2.40 0.95 12.9 108 
40 1.36 0.36 9.3 50 
41 2.99 0.56 16.4 146 
42 3.20 1.80 17.3 126 
43 1.46 0.24 7.5 82 
44 1.85 0.11 10.1 101 
N/A = Collapse case 
   
